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FOREWORD
The rapid progress of recent years reported at the Sixth and Seventh IAEA
Conferences on Plasma Physics and Controlled Nuclear Fusion Research held in
1976 and 1978 respectively has been sustained. This progress extends to all
approaches to controlled fusion and to fusion technology as confirmed by the
reports presented at the Eighth Conference, held in Brussels from 1 to 10 July
1980.
The proceedings of this Eighth Conference, which was attended by 469
participants and observers from 29 countries and two international organizations, are presented here.
The 148 technical papers and three conference summaries are included,
together with the Lev Andreevich Artsimovich Memorial Lecture delivered by
Professor D. Palumbo of the Commission of the European Communities (CEC)
during the opening ceremonies. Thanks to the help and understanding of the
authors, it has been possible to limit the proceedings to two volumes.
The papers include contributions on theory, open and closed magnetic
confinement systems, inertial confinement systems, and related technology.
The proceedings are published in English as a supplement to the IAEA
Journal "Nuclear Fusion".
The Conference was organized by the Agency in cooperation with the
Belgian Government with the assistance of the Laboratoire de Physique des
Plasmas — Association "Euratom-Etat Belge" (Laboratorium voor Plasmafysica —
Associatie "Euratom-Belgische Staat"), to whom the Agency wishes to express
its gratitude.
The Agency promotes close international cooperation among plasma and
fusion physicists and engineers of all countries by organizing these periodic
conferences on controlled nuclear fusion and by holding seminars, workshops
and specialists' meetings on appropriate topics. The present publication, forming
part of these activities, will, it is hoped, contribute to the rapid demonstration
of nuclear fusion as one of the world's future energy resources.

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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RESEARCH AT LOS ALAMOS
SCIENTIFIC LABORATORY*
R.B. PERKINS
Los Alamos Scientific Laboratory,
University of California,
Los Alamos, New Mexico,
United States of America
Abstract
PROGRESS IN INERTIAL FUSION RESEARCH AT LOS ALAMOS SCIENTIFIC
LABORATORY.
The Los Alamos Scientific Laboratory Inertial Confinement Fusion Program is reviewed.
Experiments using the Helios C 0 2 laser system delivering up to 6 kJ on target are described.
Because breakeven energy estimates for laser drivers of 1 jum and above have risen and there
is a need for C 0 2 experiments in the tens-of-kJ regime as soon as practical, a first phase of
Antares construction is now directed toward completion of two of the six original modules
in 1983. These modules are designed to deliver 40 kJ of C 0 2 laser light on target.

1. Objectives
The Los Alamos Scientific Laboratory is pursuing inertial
confinement fusion for the dual goals of commercial power and
military applications. For both of these goals, efficient
burning of fusion fuel is required. This requires development
of suitable high-power drivers to provide sufficient energy
to a fuel pellet to achieve ignition (and eventually high
gain), and a target physics program to guide design and fabrication of the requisite targets.
2.

CO2 Laser Systems

At LASL, we are developing a series of short-pulse, highenergy carbon-dioxide laser systems. A dual beam system,
Gemini, was developed and used in early 1977 for our initial
experiments with DT-filled exploding pusher targets. Currently, Gemini is being used for laser plasma interaction experiments at energy levels of up to 450 joules per beam, with
a pulse length of 1 ns. Gemini was also used as a laser prototype for the eight-beam Helios laser, which began operation
in 1978.
* Work performed under the auspices of the US Department of Energy.
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FIG. 1. Helios, the 10-kJ C02 laser system.

The Helios system (Fig. 1) consists of four dual-beam
modules which provide a total of eight laser beams for simultaneous target illumination in a central target chamber. Helios employs an oscillator amplifier configuration. The master oscillator produces a smooth, gain-switched 100-ns pulse
of about 100 mJ. This output pulse is directed to a threestage Pockels cell shutter system capable of modifying the
input to a 1-ns or shorter pulse with a contrast ratio in excess of one million. Double-discharge amplifiers amplify this
master pulse to a level of about 1 J. The pulse is then split
into four beams, further amplified and again split to provide
the eight synchronous beams required for the final amplifiers.
The final amplifier stages are pumped by the electronbeam-controlled-discharge technique. A three-pass configuration is used to reduce the drive requirements from about 100 J
(required for a single pass configuration) to about 0.1 J.
However, the small signal gain per pass in this system is
about 1000, increasing the possibility of optical parasitic
oscillations. Such parasitics have been observed and it was
determined that the main parasitic coupling was through the
rear collimating mirror. A gaseous, saturable absorber cell
was developed to optically decouple this mirror from the gain
medium at low intensity levels. A gas mixture consisting of
SF5 and a combination of five fréons was chosen to ensure
that the small signal gain in both the 9- and 10-un bands was
blocked, while high-intensity pulses were transmitted. When
the saturable cell was placed between the second and third
passes of the module, the parasitic threshold was increased

IAEA-CN-38/B-2

TABLE I
CURRENT OPERATIONAL CHARACTERISTICS
OF HELIOS
Laser Energy
Prepulse Energy
Pulsewidth

10 kJ*
20 uJ
0.7 ns
5 mi n

Cycle Time Laser
Target Shot Rate
10/day
Efficiency (Laser Energy/
1%
Electrical Energy)
Wavelength
10.6 ym
Max. Target Irradiance
10 1 7 W/cm2
803! Encircled Energy
>65 un
Diameter
Focusing Optics
f/2.4 off-axis parabola
*Maximum on-target energy currently limited to 6 kJ by
target parasitics.

and the modules were able to reach full design energy of
1250 J. In full system tests, approximately 10 kJ were generated in a pulse shorter than 1 ns for a power output in excess
of 21 TW.
Current operational characteristics of Helios are shown
in Table I. The target is illuminated along the diagonals
connecting the eight corners of an imaginary cube whose top
half is rotated 45° to prevent the beams from directly facing each other. Encircled energy measurements indicate that,
typically, 80% of beam energy will pass a 120-ym-diameter aperture. Prepulse energy on target is measured to be less than
20 yj, a level which is safely below the target damage threshold. Recently, the optical configuration between the first
and second passes of the power amplifier has been modified and
simplified to eliminate a spatial filter, two windows, and
related hardware. Performance of the amplifiers has become
much more reproducible, with typical energy output of 900 J
per beam in the presence of a target.
Antares, the next step in the sequence of CO2 lasers
at LASL, is under construction (Fig. 2 ) . The laser system
consists of six large power amplifier modules (PAM), each producing 12 annular beams. Antares is designed to deliver
100 kJ to targets with a pulse length of 1 ns. Building construction is complete and installation of the first two PAM's
has begun. Figure 3 is an artist's conception of the PAM.
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The twelve CO2 gain regions are pumped with an electron-beam
controlled discharge using a central electron gun assembly.
The optical beam makes two passes through the gain region and
is then periscoped down to form an annular beam which is
transported to the target through a vacuum system. Construction of the target vacuum system is well underway.
We plan to complete Antares in two phases. The first
phase will consist of two PAM's delivering 40 kJ symmetrically
to the target. This system will be completed in late 1983.
After performing target experiments in 1984 and 1985, we plan
to complete the full system at an energy level of 100 kJ or
more, if possible.
3.

Experiments

Since June 1978, Helios has been used for target experiments aimed at extending our understanding of the laser-plasma
interaction. Initial experiments used exploding pusher targets; recently, attention has turned to targets called Sirius
B (Fig. 4 ) , which consist of thin glass microballoons (GMB)
containing gaseous DT fuel covered with a low-density plastic
coating. The external plastic coating serves two purposes:
it shields the interior fuel, thus preventing significant preheating prior to compression, and it provides an efficient
means of converting absorbed laser energy into compressional
motion. These characteristics allow one to achieve fuel densities higher than those attained with exploding pusher targets.
It is most energy efficient to drive targets to high
density and temperature adiabatically. The goal for ignition
targets is a compression of the fuel to densities of over 1000
times normal liquid hydrogen density. By varying the thickness of the plastic coating, one can study the transition in
performance from that of an exploding pusher target (no coating) to that of a more nearly adiabatically driven target.
As the plastic thickness is increased, the fuel density increases, but the neutron yield decreases. This decrease in
neutron yield is due to the lower fuel temperatures which occur as the thickness is increased and the electron preheat is
reduced under the condition of constant incident laser energy.
The compression is inferred from self-luminous x-ray
imaging and, for coating thicknesses up to about 50 ym, from
line spectroscopy and from one-dimensional spatial imaging of
x-ray emissions from Ar added to the DT fuel gas. Figure 5
shows fuel density measurements by these techniques, as well
as values inferred from neutron yield and fuel ion temperatures deduced from neutron energy spread measurements described below. These data are from early shots when the input
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FIG.5. Compressed fuel density versus initial target ablator thickness.
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TABLE II
REPRESENTATIVE MEASUREMENTS OF FUEL DENSITY
AND NEUTRON YIELD COMPARED WITH COMPUTER SIMULATION
Ablator Incident
ThickLaser
ness(pm) Energy(J)

Density (q.cm"• )
Spectro- X-Ray
metric
Image CS*
3

Neutron Yield
Measured

CS*

0

3030

0.35

0.25

0.25

5xl07

—

35

4900

1.9

0.8

2.1

6xl07

8xl07

37

4520

2.5

2.1

—

lxlO8

2xl08

50

6280

1.7

2.9

8

2xl08

3.1

lxlO

•Computer Simulation

energy was approximately 3 kJ. Table II displays higher energy specific shot data which compares measured fuel density
with computer simulation for the actual target and incident
laser energy condition. Work is underway on improved compression diagnostics making use of time-resolved x-ray shadowgraphs of the target at peak compression. To date, we have
reached fuel compressions of twenty times liquid-hydrogen
density.
In addition to compression, neutron-yield, fuel temperatures and implosion times have been measured. Time to implosion is determined from time of occurrence of the neutron signal; the fuel temperature is determined from the neutron spectrum measured by time-of-flight techniques. These measurements are made with a fast neutron detector consisting of an
ultrafast, quenched scintillator and a high-gain micro-channel
plate photomultiplier. This system provides a neutron response time of 400 ps (FWHM) and it is possible to obtain a
resolution of less than 100 ps in time shift and neutron pulse
broadening. Figure 6 shows the variation of the measurables:
the neutron yield, the implosion time (time to peak neutron
generation rate) and the peak fuel temperature. Table II
compares neutron yield data with computer simulation, again
for the specific experimental conditions. We plan to extend
these measurements to higher laser energy, where we expect
both higher neutron yields and fuel compressions.
We are perfecting a radiochemical diagnostic technique
which will permit measurement of the thickness-density product
of the fuel and pusher, which can be compared to theoretical
calculations of target performance. A suitable detector material will be incorporated into the fuel or pusher, and the
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nuclear activation of this detector by 14-MeV fusion neutrons
can be measured. Control experiments using targets activated
in a reactor have determined that 16% of the target is collected by our catcher assembly.
Future experiments with Helios and Antares will permit
confirmation of compression and neutron yield predictions, and
will allow determination of the driver energy required for
demonstration of ignition, breakeven and high gains.
4.

Heavy Ion Drivers

LASL has recently been assigned the lead role for managing the U. S. Heavy Ion Fusion Program. The use of highenergy heavy ions for inertia! fusion is believed to be very
attractive for two reasons: the interaction of heavy ions
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with targets is expected to be classical and highly efficient,
leading to high gain with a minimum of input energy; in addition, the heavy-ion accelerator is an extension of the welldeveloped high-energy proton accelerator and is expected to
have efficiency considerably higher than lasers.
Acknowledgment
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Abstract
LASER FUSION RESEARCH AT INSTITUTE OF LASER ENGINEERING, OSAKA.
The primary goal of the Kongoh Project at the Institute of Laser Engineering, Osaka,
is to demonstrate the scientific feasibility of laser fusion in the next ten years. In the first
phase of the project the glass-laser systems Gekko IV and Gekko XII together with the C0 2 laser systems Lekko II and Lekko VIII were used to test the appreciable implosion and to
choose the most suitable type of 100-kJ driver. Wavelength scaling of the implosion process
is the main objective. In the second phase, a 100-kJ class driver will perform a feasibility test
experiment. Basic understanding of laser coupling with plasma has been established in such
areas as absorption, stimulated Brillouin scattering, hot-electron and fast-ion generation, and
energy transport, by using laser beams of 10.6 ptm, 1.06 iim and 0.53 [xm wavelength.
Implosion dynamics, including compression symmetry and stability of the laser fusion pellet,
has been studied by means of time-resolved X-ray shadowgraphy. In ablative-mode compression
of a high-aspect-ratio pellet target, an irregularity was observed on the ablation surface during
compression. An opacity diagram of the pellet was obtained by time-resolved shadowgraphy
and compared with a computer-simulation result. Quantitative determination of plasma
parameters of laser-driven spherical targets was performed by X-ray spectroscopic techniques.
In the ablative mode, using a thick-polymer-coated pellet, the emission came only from the
inside of the pellet, and absorption lines due to resonant photoexcitation and ionization were
observed in the outer corona region of the pellet. The core density could be derived reliably
by the edge shift of radiative recombination spectrum. Using neon-filled glass microballoons
of 26 atm., 100 ^m dia., with a 10-¿im-thick polyethylene coat, the Gekko IV laser of 100 ps,
2.5 TM, has successfully compressed the core up to 5 g-cm -3 . The Kongoh Project is beginning
to demonstrate the scientific feasibility of laser fusion within the next ten years.

1.

ENERGY DRIVERS

The Institute of Laser Engineering (ILE), Osaka, has the Gekko glass-laser
system and the Lekko C02-laser system (see Table I) [1]. The Gekko Program
has three laser systems. The two-beam silicate-glass-laser system Gekko II, which
13
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TABLE I. ENERGY DRIVERS AT ILE, OSAKA
No. of
beams
Glass laser:
Gekko II

2

Power
(duration)

Energy
(duration)

Operation

0.5 TW(0.1 ns)

200 J

(Ins)

1975

2kJ(lns)

1978

Gekko IV

4

4 T W ( 0 . 1 ns)

Gekko XII-M

2

7 T W ( 0 . 1 ns)

3 k J ( l ns)

1980

4 0 T W ( 0 . 1 ns)

2 0 k J ( l ns)

1982

1 kJ (2 ns)

1977

Gekko XII

12

C 0 2 laser:
Lekko II

0.5 TW (1.5 ns)

2

10

8

Lekko VIII

TW(lns)

10kJ(lns)

m m.

H î HlMi't

i<

": • : v i S O í S ^

s^f** 4 *

FIG.l.

'.''tí* * * $ ™

Gekko XIIModule

two-beam glass-laser system.

1980
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has been in operation since 1975, is mainly used for laser-plasma interaction
experiments and development of diagnostics. The system has a rod amplifier
8 cm in diameter as a final amplifier, delivering 0.2 TW per beam in 100 ps.
A KDP crystal is introduced to generate a 0.53-jum laser light. Conversion
efficiency of 53% was obtained. The four-beam glass-laser system Gekko IV has
been performing target-irradiation experiments since July 1978. This system
comprises high-gain rod amplifiers up to 8 cm in diameter and a final 11-cm disc
amplifier. Peak focusable output power is 4 TW at pulse width 100 ps. The
target is irradiated from four tetrahedral directions through F/1.2 aspheric lenses.
In 1979, the Gekko XII Module, a two-beam laser, was completed (Fig. 1).
It can deliver peak focusable power of 3.5 TW per beam in 100 ps and 1.5 kJ
per beam at 1 ns. Gekko XII, a 20-kJ laser, is under construction.
A single-beam C02-laser system, Lekko I, was completed in 1976. It has
been used for experiments in laser-plasma coupling. A dual-beam 1-kJ system,
Lekko II, was completed in 1977 and is used for pellet implosion experiments.
An eight-beam 10-kJ system, Lekko VIII, is under construction, to be completed
by the end of 1980.

WAVELENGTH SCALING ON ABSORPTION AND SCATTERING
The classical absorption coefficient is roughly scaled by X"1,5 IQ 0-5 for wavelength X and laser intensity I 0 . As shown in Fig.2, the classical absorption
characteristics give a good description of the experimental data up to a few
times 10 14 W- cm""2 for a 1.06-Atm laser and its second harmonics. However,
the absorption rate starts to decrease from the classical value at 101S W- cm -2 .
The collective absorption rate obtained by our calculation is shown by a dashed
curve in Fig.2. It agreed with the experimental data from Gekko II and
Intensity dependence of absorption for 0 , 5 3 / i m ,
1.06/im and 10.6^m laser
Q5um ljum lO^um
CH P O - O A A
Au • -•> A •*-

light

1/im (Spherical)

#

Nd(05>m?
500 ps
45"

^ Nd(Q5/*m)

& 50

- " £ - / Nd(Vm)
f*k
£^^
10"
10~
10*
Laser Intensity (wcrri e )

lOOps
Spherical
10"

FIG. 2. Wavelength scaling of laser absorption.
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Laser wavelength dependence of SBS
(experiment)

(theory)

FIG.3. Wavelength scaling of stimulated Brillouin scattering.

Lekko II. The increase of absorption rate with laser intensity is due to density
profile steepening and wave-trapping [1].
For collective absorption, hot electron energy is scaled by (IX 2 ) 0,45 .
Collective absorption is much more dominant in the 10.6-jum C02-laser.
Figure 3 gives the wavelength scaling of stimulated Brillouin scattering
(SBS) by experiment from a polyethylene target and from theoretical estimation.
Reflectivity due to SBS is most serious for a 1.06-/xm laser, which reaches up to
10%. The SBS for a 10.6-Aim laser is strongly suppressed by non-linear Landau
ion wave damping, which remains less than 10%.

3. ENERGY TRANSPORT BY ELECTRONS
The energy transport mechanism through the overdense region is of primary
interest in clarifying the optimization of a pellet implosion by lasers. We have
investigated the energy transport in layered low-Z and high-Z plasmas produced
by \0.6-nm, 1.06-/im and 0.53-jum lasers operated with nearly the same pulse
duration (~1 ns) and intensity (10 13 — 1014 W-cm"2) in order to investigate the
wavelength scaling of energy transport. Double-layered targets with Al at the
back and polyethylene or Au at the front were used for X-ray labelling.
A TlAp flat crystal spectrograph was used for X-ray measurement.
Figure 4 shows the intensity dependence of the Al resonance line (1SMS2P)
and the Al K a line on the surface coating, whose thickness is given by the area
density pt (g-cm~ 2 ). The penetration of thermal electrons through the surface
layer is observed by the resonance line of Al. K a line radiation is due to the
arrival of high-energy electrons into the Al layer at the back. The penetration
depth of the thermal front which is deduced from the labelled Al resonance line
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shows the same pt value (~10~ 4 g-cm -2 ) at the different laser wavelengths and
target materials, except for one case of low-Z plasmas by a 10.6-Mm laser [2].
The K a line was observed by a 10.6-//m laser to be strong up to pt 10~ 3 g-cm -2
(polyethylene 3-¿um thick). The calculated mean free path of hot electrons in a
classical model is much longer than 3 fJtm [3], and this shows that the transport
inhibition has been introduced. From our hydrodynamic code simulation, the
self-consistent electric field due to anomalous resistivity induces a hot flux
inhibition as well as density modification near the critical point.

4.

IMPLOSION DYNAMICS

Investigation on ablatively driven compression is of great importance in
achieving high-density compression aiming at breakeven in inertial confinement
fusion. X-ray shadowgraphy was applied to study the implosion dynamics of a
pellet. The major advantage of this diagnostic is to enable us to measure spatial
and temporal profiles of low-temperature and high-density fusion plasmas which
occur at ablative compression. The effects of the focusing condition on the
compression process have been clearly observed.
A Ge target irradiated by a laser was used as an X-ray source of 1.4-keV
photons. The pulse duration of the X-ray for shadowgraphy was about 100 ps
or less, so that the time resolution was good enough for the observed implosion
time of 1 —2 ns. Two pinhole cameras were used to obtain images of the imploded
pellet. One was directed to record X-ray shadowgraphs of the pellet and the other
was mounted off-axis, not. to see the probe X-ray but to record an X-ray image
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FIG.5.

X-ray shadowgraphs of ablative

compression.

of the imploded plasma. Filters of 25-Aim-thick and 2-jum-thick Al were used in the
pinhole camera so that photons of the Ge X-ray band were selectively transmitted.
Implosion symmetry strongly depends on the laser focusing condition. Overlapped
focusing gave a smooth surface to the compressed pellet, while surface focusing
produced a much-deformed pellet image.
X-ray shadowgraphs were obtained for imploded hollow CH2 shells 150 /zm
in diameter and 5 Aim thick and for 10-/xm CH2-coated glass microballoons
80 Aim in diameter and 1 jum thick. In Fig.5, time-resolved shadow images of the
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ablatively compressed CH2 shell were observed to have a whisker-like irregularity
on the ablation surface [4]. The scale length of the irregularity was much smaller
than that of the non-uniformity of illumination, so it is therefore due to hydrodynamic instability at the acceleration phase in such a high aspect-ratio pellet. The
instability seems to have non-linear saturation in growth rate, so the compression
continues to form a core without a fatal catastrophe. From the observed shadowgraphs we derived opacity diagrams as a function of time and radius which agreed
quite well with the computer simulation of an opacity pattern.

dNa/dO

.200 PS

2

500 ps

^s

kmHP*

Hh
scK „ ¥:&,

300 PS

measured

calculated

600 PS

FIG. 6. Effect of non-uniform
by 2D-PIC code simulation.

illumination

FIG. 7. Angular distribution of a-particle
from core by centre focusing.

To check the effect of non-uniform laser illumination, we used the 2D-PIC
code for ablative compression. The compression patterns of the simulation are
shown in Fig.6. In such a non-uniform irradiation case we observed the anisotropic
distribution of a-particles which were produced by DT reaction in the core, as
shown in Fig.7. On comparison with the computer simulation of the ray trace, we
can estimate the scale length of field distortion and the induced electric potential,
which are 300-500 jum and 200-300 kV respectively. As mentioned before,
overlapped focusing had an isotropic distribution of a-particles round the core.
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2

was determined by

The hydrodynamic efficiency of ablative acceleration of a plane target is
estimated by using the data of ablated mass and accelerated velocities under
different laser wavelengths. The results shown in Fig.8 indicate that the ablation
process due to energy transport is quite different for the glass and the C0 2 laser.
In the latter case, hot electrons play a dominant role in implosion.

5.

ABLATIVE COMPRESSION

Plasma parameters of laser-driven spherical targets have been quantitatively
determined by X-ray spectroscopic techniques. In the ablative mode, using a
thick-polymer-coated pellet, the emission came only from the inside of the pellet,
and the absorption lines due to resonant photoexcitation and ionization in the
outer corona region of the pellet were observed.
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FIG. 9. Radial distribution of plasma parameters in ablative compression.

The target used in the present experiment is a spherical glass microballoon
containing neon or argon gas at ~7 atm. for diagnostic purposes. The target is
coated with 0—10 Aim-thick polyethylene to control the energy transport from
the laser energy deposition layer on the surface to the inside of the target.
Spatially resolved electron temperature and electron density were determined
by analysing the following aspects of the X-ray spectra: intensity ratio of
resonance lines; line shape of resonance lines; intensity ratio of helium-like and
lithium-like satellite lines; relative intensities of helium-like satellites; strengths
of absorption lines of cold plasma layer and recombination edge shift. These
techniques make it possible to determine plasma parameters within a fairly wide
range of plasma conditions.
When the shell is thin, hot electrons heat the entire shell uniformly and the
shell expands explosively, compressing the inner hot fuel to higher density, in
the present experimental conditions, an electron temperature of 2.14 keV was
achieved with density p = 0.15 g-cm -3 . However, when the thickness of the
coating increases to more than the range of hot electrons, the inner side of the
shell is kept cool and compresses the cold fuel gas to high density. We found the
stopping range of hot electrons by polyethylene to be ~5 ¿tin, and above this
thickness we can obtain higher density as the coating thickness increases. With the
10-Aim-thick coating, fuel density of 5 g-cm - 3 was obtained at a temperature of
~1 keV [1 ]. These plasma parameters are compared with the simulation calculation
in Fig.9 to determine the hot electron transport and flux limitation factor which
are variable parameters in the code.
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PLASTIC SHELL WITH GAS FEEDER

TACHO PUSHER COATING

DOUBLE SHELL WITH GAS FEEDER

FIG.10.

6.

Several types of pellet used at ILE.

PELLET FABRICATION

Various techniques for pellet fabrication have been developed at ILE. Here
we present a new method of double shell fabrication. A glass shell supported
between two crossed glass fibres was covered by a paraffin ball. A glass capillary
was inserted in the paraffin ball. An outer parylene shell was deposited on the
paraffin ball, and paraffin was then evaporated through the capillary. Several types
of pellet are shown in Fig. 10 [ 1 ].
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CONCLUSIONS

( 1 ) The wavelength scaling of energy absorption, transport and implosion is
one of the most important issues in laser fusion research. ILE, Osaka, has a laser
facility of three wavelengths, 0.53 /xm, 1.06 ¿im and 10.6 Aim.
(2) The Gekko Glass-Laser and the Lekko C02-Laser Programs will soon be
provided with 10-kJ-class energy drivers.
(3) Wavelength scaling on absorption has been clarified. A shorter-wavelength
laser has several advantages, such as high classical absorption and few hot electrons.
Stimulated Brillouin scattering is most dominant in the l-/im laser; in the lO-fim
laser it is suppressed by non-linear ion wave damping due to hot electrons.
(4) Energy transport in three wavelengths has been investigated. At 10-/im,
in a C0 2 laser, the hot electrons are most active in transporting energy. Penetration
of hot electrons into the plasma is strongly inhibited by the self-induced electric
field due to anomalous resistivity. There was quite good agreement between
experimental and simulated data.
(5) Implosion dynamics, including compression symmetry and stability,,
has been successfully investigated by time-resolved X-ray shadowgraphy. Under
uniform irradiation, the whisker-like irregularity on the pellet surface was considered
to be caused by hydrodynamic instability. A detailed analysis was made by 2D-PIC
code simulation to estimate the effect of non-uniform irradiation of the laser.
The anisotropy in distribution of a-particles from DT reaction produced information
on the induced electric field in an imploded pellet. Hydrodynamic efficiency
of implosion by lasers of different wavelengths was compared. In the 10-/¿m C0 2
laser, hot electrons play a major role in the implosion processes.
(6) Ablative compression was performed by use of a thick-polyethylenecoated glass microballoon target. The compressed core reached a density of
5 g-cm -3 and a temperature of 1 keV. These results agreed well with data from
the ID hydrodynamic code HIMICO, including multi-group flux limited diffusion
and hot electron transport.
(7) Pellet fabrication technology has made progress in the manufacture of
glass microballoons of any size, graded density coating, assembling of double shell
target, treatment of cryogenic fuel and pellet-handling techniques.
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DISCUSSION
S. MERCURIO: You mentioned that the a-particle anisotropy can be
explained by the existence of an induced electric field caused by fast electrons.
Could you give an estimate of the intensity of this field?
C. Y AM AN AK A: I estimated the electric field distribution by a computer
ray-trace method. The anisotropy agreed well with the experimental data. The
field intensity is about 1 — 10 MV-cm -1 (potential difference of 200—300 kV
across 300—500 jum). The radial to azimuthal ratio has a value of about eight.
S.W.A. WITKOWSKI: You mentioned an increase in 1.06 ¿¿m absorption
at higher intensities and attributed this to collective effects. Have you identified
the type of process involved or do you have any suggestions for explaining it?
C. YAMANAKA: Since the classical absorption decreases at high laser
intensities owing to the smaller number of collisions, the increase in absorption
above an intensity of 1016 W-cm"2 is certainly caused by a collective non-linear
effect. A theoretical treatment of resonance absorption enhanced by density
profile steepening and also parametric density modification due to the longitudinal
E-fieid gives a value which agrees well with the experimental absorption data.
If the laser intensity is increased, the absorption goes up and hot electrons appear.
These features are well explained by our calculation.
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Abstract
SYMMETRICALLY ILLUMINATED LASER FUSION IMPLOSION EXPERIMENTS AT THE
LABORATORY FOR LASER ENERGETICS.
In this paper, the results of symmetrical irradiation implosion experiments conducted on the six-beam, 3 X 10 12 W, ZETA laser facility are reviewed. Three experiments
are described: (a) thin-wall, explosive-pusher target implosions, where the importance of
irradiation symmetry for absorption and neutron production (which was as high as
1.5 X 10 9 ) was studied; (b) thick-wall, DT-filled-target implosions, where densities up to
2 g - c m - 3 have been achieved and the compression time was directly measured; (c) thick-wall,
Ar-filled-target implosions (radiationally cooled), where densities up to 6 g- c m - 3 were directly
measured by using X-ray spectroscopic methods. The results of all these measurements are
well recovered by the 1-D laser fusion code LILAC.

The first implosion experiments conducted on the ZETA laser
facility involved thin wall DT-filled glass microballoons. The
symmetrical illumination provided by the 6 ZETA beams has produced impressive results in terms of implosion symmetry and
neutron yield for these exploding pusher targets. A neutron
yield of 1.5 x 10^ was obtained for 1.67 TW of laser power (on
target) in a 72 psec pulse. Scaling of the neutron yield versus
absorbed energy (Fig. 1) was found to be in good agreement with
LILAC one dimensional code simulations. In addition we have
examined neutron yield as a function of the beam focus relative
to target center. The position of beam focus affects both the
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FIG.l. Thermonuclear yield (number of
DT neutrons per shot) as a function of
absorbed energy per unit target mass. The
circles summarize a series of target shots
on ZETA. The solid line was obtained by
assuming that the ion temperature is proportional to the specific absorbed energy,
and other parameters are constant. These
data agree to within a factor of two with
detailed code simulations.
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FIG.2. Fractional absorption of the laser pulse as a function of beam defocusing (in units
of the target radius measured with respect to the centre; negative values indicate focusing
in front of the target centre). Focusing at 2R behind the centre leads to optimum neutron
yield; the good symmetry achieved with this geometry more than compensates for the
reduced absorption. (ZETA 6-beam, 3 TW, symmetrical irradiation facility).

fractional absorption of the incident 1.054 ym laser radiation
and the neutron yield (see Fig. 2). The neutron yield is a
strong function of the uniformity of illumination.
Exploding pusher implosions typically result in peak compressed fuel densities of about .2 g/cm3 (liquid DT density)
In order to obtain compressed DT densities higher than liquid
density, a number of experiments were performed with DT filled
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FIG.3. Compressed DTdensity in units
of liquid DT density (0.2 g- cm'3) as a
function of target wall thickness. The
targets were plastic-coated glass shells
and the equivalent CH wall thickness
corresponds to a plastic shell of the
same mass as the actual target. Thicker
shells are predicted to produce higher
densities, in part because they shield
the core against preheat. The density
was inferred from X-ray pinhole
imaging.

plastic coated glass microballoon targets with plastic thicknesses up to 10 um. Up to 150 J of laser energy was applied
in 50-80 psec pulses to targets with diameters ranging from
80-130 urn. Compressed DT densities up to lOx liquid density
were inferred with x-ray imaging for these implosion experiments
(see Fig. 3 ) .
In addition to x-ray imaging, the implosion time of these
targets was measured by means of an x-ray streak camera which
was absolutely timed with respect to the laser pulse. X-ray
streak records of imploding targets typically show two peaks;
one due to the laser-target interaction, the other one due to
the stagnation of the glass pusher near peak compression. The
emission time of this "compression" peak relative to the laser
pulse peak is termed "implosion time" and is compared in Fig. 4
to 1-D implosion simulations carried out using LILAC.
In the third series of experiments, direct evidence for compression of Argon filled targets (5-12 Atmospheres) to densities
in excess of 6 g/cm^ is presented. These targets are the first
of a class of "intermediate" target designs which are ultimately
expected to achieve densities of a few tens to several hundreds
of grams/cm3 at temperatures exceeding 4 keV in the compressed
core at the time of peak compression.
These targets are similar in behavior to the exploding-pusher
targets as regards the dynamics of the outer shell, but achieve much
higher densities by taking advantage of radiational cooling of an
interior gas or metal shell. The central idea is to include in the
target a sufficiently large amount of high-Z material to radiate
away the preheat caused by suprathermal electron energy deposition.
This keeps the compressed interior of the pellet on a low enough
isentrope that high densities should be possible. It also accesses
previously unexplored regions of the p-T plane which are required
for breakeven designs.
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1.5 fim SiO;

Small Targets
A6íxmCH,

^=^0.8™mSIO

D2-3íimCH
50 atm DT or D
0.14

E, (J/ng)

0.16

[Es = Eabs/m]

0.1S

FIG.4.
Compression times measured by
an X-ray streak camera (with absolute time
calibration) compared with predictions of
the laser fusion code LILA C. The two
solid curves are LILAC predictions for the
two types of targets.

N e = 1.5 * 10 2 4 c m p = 6 g /cm3
T = 0.8 keV

AE(eV)

FIG.5. X-ray line spectrum from an
Argon-filled thick-glass-shell implosion.
The theoretical Stark profile which best
fits the experiment corresponds to a
density of 6 g- cm~3 or an electron
density ofNe = 1.5 X 1024 cm'3. The
Stark profile is not very sensitive to the
temperature (which was 0.8 keV). An
additional small correction for opacity
greatly improves the agreement with
experiment.

In these experiments the density was measured by means of
various x-ray spectroscopic techniques involving Ar -16 and
Ar + 1' lines as well as lines of S i + 1 2 and Si + * 3 from the tamper.
The several density signatures give self consistent results which
are also in agreement with hydrodynamic code predictions. Most
reliable and sensitive of these methods 1s the fitting of calculated
Stark profiles to the 3 -*- 1 transitions ("Lyman-3") of the species
mentioned above (see example in Fig. 5 ) . These profiles depend
mostly on density and weakly on temperature. Good agreement along
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FIG. 7. Replication of X-ray line profiles with the laser fusion code LILAC. Good agreement
with experiment is obtained by using the hydrodynamic code which includes rate-dependent
atomic processes and radiation transport of Stark profiles. On the other hand, an LTE
equilibrium assumption leads to gross disagreement with experiment.

the whole line profile was obtained for densities in a ±25% range
around 6 g/cm3 using temperature values obtained independently
from the spectrum and including a small opacity correction. The
resonance line ("Lyman-a") is predominantly broadened by opacity
(resonant absorption) and its width yields a pR value of about
1.5 x 10 3 g/cm2 for the compressed Argon, see Fig. 6. In addition,
time and space integrated line profiles calculated by the LILAC
code (including line radiation transport) reproduced closely the
observed profiles and substantiated these density measurements.
Fig. 7 shows that such agreement can only be obtained if a fullfledged rate-dependent atomic model is used. This agreement
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suggests that the hydro code LILAC is properly modeling the pellet
implosion for this class of targets and laser pulses, and that
LILAC should have predictive capability for similar experiments
aimed at higher density.
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Abstract

STUDIES ON RADIATION-MATTER INTERACTION AND LASER-PRODUCED
IMPLOSION AT THE CENTRE D'ETUDES DE LIMEIL.
At the Centre d'études de Limeil, studies on interaction and implosion are being carried
out with the neodymium glass lasers P 102 (80 J, 1 ns, single beam) and Octal (700 J, 1 ns,
with eight beams); the performance of the latter will be increased by a factor of three by
means of 12-cm-diameter rod amplifiers. Development work on lasers, targets and diagnostics
has been concentrated mainly on shaping the laser pulse by line narrowing, on iodine lasers
and particularly the study of a 38-cm-diameter amplifier, on the fabrication, coating and micromachining techniques for microballoons and on the detection and imaging of the X-rays
emitted by the targets. The microballoon implosion experiments using the eight beams of the
Octal laser in short-pulse operation, which were supplemented by interaction experiments on
plane targets, were intended to study the exploding-pusher regime and the influence of a prepulse and to determine by X-ray radiography the conditions needed for observing this regime
(minimum laser flux and maximum wall thickness). The preparation and interpretation of
these experiments are based on theoretical and numerical-simulation studies relating especially
to anomalous transport of the energy absorbed in the target and pre-heating of the target
by suprathermal electrons.

The paper presents our studies on lasers, targets and diagnostics and the
results of implosion and interaction experiments at 1.06 ¿im with a short pulse
together with the theoretical and numerical studies needed for preparation and
interpretation of those experiments.
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LASERS, TARGETS AND DIAGNOSTICS

1.1. Lasers
The last stage of the P 102 and Octal laser chains is silicate glass 9-cm-diameter.
rod amplifiers. The characteristics generally applied on the target are:
P 102:
Octal:

1 beam, 20 J to 50 J in 900 ps
8 beams, 150 J in 200 ps.

In the case of Octal, the addition of 12-cm-diameter rod amplifiers and the
use of optical conjugation will improve wave quality and raise performance by a
factor of three.
To obtain laser pulses of appropriate time shape, we built a device for shaping
by line narrowing. A 40-ps pulse emitted by a coupled-mode YAG laser is sent
to a 13.5-cm long grating where it undergoes spectral spreading. Modulation of the
reflecting power of the grating by means of masks or attenuators modifies the
shape of the pulses, whose duration can attain 600 ps.
active medium C3F71:
10-20 torr+ 1-3 atm argon

258 flashes in 3 layers
stored energy 1 kJ -* 4.5 J per litre
overall yield 0.6%

FIG.l.

Principie of the layered amplifier.

In collaboration with the Marcoussis Laboratories of Compagnie Générale
d'Electricité (CGE) we are actively studying the prospects of iodine lasers for
obtaining enhanced performance. The studies relate to amplification of a
1.315-/xm pulse along a chain and to the design of large-size amplifier structures.
An amplifier 38 cm in diameter and 1.7 m in length (Fig.l) with layered arrangement of flashes inside the active volume has been tested; the stored energy
reached 4.5 J • litre - 1 and the efficiency exceeded 0.6% [1 ].
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1.2. Targets
We are studying various methods of fabricating and coating hollow glass
microspheres. Cathode sputtering techniques are used to obtain metallic deposits,
and good results have been achieved with aluminium and silicon. Low-pressure
reactive discharges give coatings with a density close to unity by polymerizing
various organic compounds (para-xylene and perfluorobutene). For the production
of foam in the 1CT1 —10~2 g-cm -3 range, lyophilization gives the best results.
With dextran the average porosity is of the order of a micron for a density of
5 X 10~2 g-cm -3 . By combining this method with a moulding technique, we can
obtain coating thicknesses of the order of 250 Aim. Lastly, we have developed
techniques of micro-machining by laser and electro-erosion which can be used for
cutting or perforating objects having dimensions of the order of a hundred
microns.

1.3. Diagnostics
In the area of diagnostics, our efforts are concentrated on the metrology of
X-rays. A 'bilamellar' camera was constructed on the basis of a P 600 X image
converter designed by the Laboratoire d'études et de physique appliquée (LEP).
Separation of the spatial and temporal focusing functions [2] resulted in resolutions
of 10 to 20 ps and 50 to 100 Aim at the photocathode for a radiation of energy
between 1 and 10 keV. The use of a semi-transparent photocathode should extend
the detection range to 300 eV.
The X-ray imaging of laser-produced plasmas is performed with the help of
coding apertures consisting of a circular slit 6 /xm in width and 1 mm in radius on
a gold foil having a thickness of 5 Aim. The information is extracted by numerical
decoding of the image recorded on a photographic film. Spatial resolution equal
to the width of the slit is obtained normally at the observation axis, and a resolution
about 10 times the width of the slit along this axis [3].

2.

IMPLOSION AND INTERACTION EXPERIMENTS

The Camelia microballoon implosion experiment using the Octal laser follows
up to the earlier Iris and Coquelicot experiments [4] which are aimed at obtaining
high temperatures and densities of the imploded matter. The experiments described
here are based on the exploding-pusher concept and are aimed at clarifying the
role of suprathermal electrons.
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TABLE I. COMPARISON OF EXPERIMENT AND NUMERICAL SIMULATION

Target

Laser

Implosion

Experiments

Simulations

R

= 40 /um

R

= 40 /Lim

AR

= 0.7 Aim

AR

= 0.7 ¡im

PDT

= lObar

PDT

= 10 bar

AT

= 50 ps

Gaussian 50 ps

P fac

=600GW

Pabs

=48GW

absorption 14%

flux limitation:
f
= 0.03

fast ions %

pre-heating rate:
i?
= 60%

6 X 10 5 < N < 2 . 4 X 10 6

N

= 1.6 X 10 6

9 0 p s < A T < 120 ps

AT

=105ps

12<C<42

C

=26

2.1. The study of the exploding pusher
This study was carried out under the following standard conditions: the laser
pulse had a duration of 50 ps with a power level of 800 GW; the target was a
glass microballoon (diameter 80 jum and wall thickness 0.7 jum) filled with an
equimolar mixture of deuterium and tritium at a pressure of a few tens of bars.
The implosion performance is described by the following results: absorbed
specific energy 0.25 J-ng" 1 , neutron emission 3 X 106 neutrons, estimated core
temperature 1.5 keV. Numerical simulations were performed with the help of
a one-dimensional Lagrangian code, and accounted for the principal measurements. The values of the parameters which, in the numerical code, describe the
energy transport phenomena, are determined from the results of experiments
on plane targets [5]. Comparisons between experiment and numerical results
concentrated essentially on the number of neutrons N, the time lag At between
the core and coronal emissions and the specific compression C. The standard
case is illustrated in Table I.
2.2. The influence of a pre-pulse
This influence, between —2 and —0.5 ns before the main pulse, was studied
with a power contrast lower than 104 [6]. The effect of a pre-pulse is to create a
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FIG.2. X-ray radiographic device.

pre-plasma which promotes the development of diffusion phenomena such as
the stimulated Brillouin effect, so that a lower absorption efficiency is observed.
We also note the disappearance of fast ions, which seems to prove that a smaller
number of suprathermal electrons are being generated; it is no longer possible to
account for neutron emission within the framework of the exploding-pusher
theory. The number of neutrons obtained at low contrast (< 104) is smaller by
more than an order of magnitude than the results obtained at high contrast
(> 106) the latter results agreeing with the analytical-model predictions [7].
Lastly, the implosion core is less homogeneous, colder and probably more dense.
This would suggest that the implosion occurs according to some scheme different
from that of the wall explosion, approximating more to an ablation scheme.
2.3. Radiography of the imploded microballoon
This was carried out in order to determine the pre-heating of the microballoon
wall by measuring transmission in the X-ray region [8]. The experimental device
used for radiography of the microballoon is shown in Fig.2. The beam of a
synchronized laser chain is focused on a plane brass target in order to generate a
plasma (dimension 50 to 100 /zm) which emits a short (50 ps) X-ray pulse in the
hv = 1.3 keV spectral band. A pinhole camera with two pinholes (= 15 jum in
diameter) (c) is used for simultaneous recording three images on a Kodirex film (e):
at (S) the image of the source; at (P) the image of the characteristic emissions
of the irradiated microballoon itself (b), i.e. the so-called coronal emission from
the zone of absorption of the laser radiation and the emission of the core
(silica + DT) during maximum compression; and at (S + P) the image of the
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FIG.3. Experimental values of transmission at 1.3 keVof the microballoon
wall as a function of thickness for two
light intensities: 2 X 1015 W- cm'2
(cares a, b and c), and 5 X lO^W- cm~2 (d).

source through the microballoon, the emission of which constitutes a noise in the
measurement of the transmitted signal. A specimen of the radiographic film is
also shown in Fig.2. The h^ = 1.3 keV transmission of the imploded microballoon
is calculated from the luminosity of the flux at (S + P) and (S) with allowance
for the background noise measured at (P) and for the difference in area, if any,
of the pinholes.
The experimental values of transmission (E/E 0 ) c are plotted in Fig.3 as a
function of wall thickness for targets 80 //m in diameter. The black squares
represent transmissions through the irradiated balloons. Similar measurements are
grouped within the rectangles: cases (a), (b) and (c) refer to a light intensity
on the target of 2 X 1015 W-cm -2 , while case (d) corresponds to 5 X 10 14 W-cm -2 .
The white squares relate to transmission from the cold glass, which is in satisfactory agreement with the theoretical curve. Transmissions significantly
greater than those from the cold glass are observed only for the smallest thicknesses (AR = 0.7 /xm) and the highest light intensity (2 X 1015W-cm~2); these
correspond to a high (temperatures >200 eV) and homogeneous energy
deposition over volume and are observed simultaneously at the highest neutron
emissions representative of the exploding-pusher regime.
2.4. Interaction experiments
The experiments on interactions on plane thin aluminium targets were
carried out by means of the P 102 laser supplying about 10 J on the target in 80 ps
with fluxes exceeding 10 l s W-cm"2. Analysis of expansion in the front and in the
rear of the target provided useful data for understanding the transport
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FIG.4. Distribution of ion velocities in
the front and at the rear of the target:
(a) 0.3-ixm aluminium foil at 1015 W- cm~2
(solid curves) and 2 X 1015 W- cm'2
(dashed curve); (b) 0.3-jJ.m aluminium foil
at 4X 101* W- cm~2; (c) 1-y.m target at
1015 W-cm~2. The laser comes from the
left; the values indicated on each curve
represent the angles between the laser axis
and the charge collectors.
5.10'

mechanisms [5]. We basically established that reduction in flux or increase in
target thickness by a factor of about three in relation to values of 1015 W-cm~2
and 0.3 urn changed the plasma behaviour and brought about a transition from
an exploding-pusher regime to a regime where the major part of the target,
though expanded, was projected backwards at a high rate, of the order of
107 cm-s" 1 (Fig.4).
With longer pulses - 30 J in 800 ps - acceleration of a thin target was
studied by various methods such as interferometry or ombroscopy with temporal
or integral resolutions. For a flux of 10 13 W-cm -2 , the velocity of the rear interface attained 4 X 106 cm-s" 1 in the case of a 3-/xm-thick target.

THEORETICAL AND NUMERICAL-SIMULATION STUDIES
In the theoretical studies on interaction, the following topics were covered:
methods of calculating absorption by inverse multiphoton bremsstrahlung [9],
X-ray emission by bremsstrahlung in the intense laser wave field [10], study of
the change of profile in the case of oblique incidence and resonant non-linear
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absorption, generation of a surface wave at the critical density in the case of
changes of profile and non-linear resonant absorption, and generation of a lowfrequency magnetic field by the non-linear interaction of a laser beam with a
plasma [11]. Analytical [12] and numerical studies were also carried out on
hydrodynamic expansion of the plasma generated during the interaction in order
to interpret in particular the signals originating from the ion collectors.
To improve the numerical simulation of the implosion, we conducted studies
on the equations of state, ionization models, opacities and particle and radiation
transport. As for electron thermal conductivity, we investigated, in particular,
the case of a limitation imposed by the ion-acoustic instability [13, 14]. On the
subject of ionization models, we were engaged especially in developing a timedependent radiative collisional model.
Simultaneously, proceeding from these basic studies, we perfected the onedimensional implosion code [4] by introducing, for example, multi-group treatment of suprathermal electrons; work on a two-dimensional extension of this
code is now in progress. In connection with the preparation and interpretation
of the experiments, we have carried out various numerical studies such as those
relating to the experiments referred to in the preceding paragraph.
In particular, numerical optimization of the performance of microballoons
imploded in the ablation regime with various laser light intensity laws at 1.06 ¿im
led us to consider large-diameter microballoons with low-pressure DT filling
associated with relatively short (sub-nanosecond) pulses. Thus, in the case of
a Gaussian pulse with FWHM of 200 or 600 ps and maximum power of the order
of a terawatt or lower, structures of radius >120 ¿im containing DT at a pressure
of a few bars seem to offer considerable advantages, i.e. simultaneous generation
of significant compressions (p DTmax) °f * n e order of 10 g-cm - 3 without taking
into account suprathermal electrons) and temperatures above 1 keV; low incident
flux (in comparison with small-diameter structures at given pulse) and hence an
appreciable diminution in the coronal temperature and in the energy of the suprathermal electrons; a very long duration of implosion (much longer than a nanosecond), which enables the best use to be made of the possibilities of temporal
and spatial resolution. In spite of their high structure ratio (R/AR several times
ten), these targets are not necessarily very sensitive to instabilities of the ablation
front during the phase of acceleration of the shell, which stops on pulse extinction,
and they enable us to devise experimental procedures that discriminate, on the
basis of their influence on performance, the effects of pre-heating and DT pollution
by the glass.
4.

CONCLUSIONS

Symmetric implosion of microballoons by means of the eight-beam Octal
laser in short-pulse operation has provided us with a better understanding of
the exploding-pusher regime. In particular, 1.3-keV X-ray radiography of the
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microballoon showed that the above regime could be observed only for high
incident fluxes and low wall thicknesses. This result is confirmed by the interaction and transport experiments using the P 102 laser on plane targets. We are,
at present, continuing these experiments with long pulses in order to study
implosion in the ablation regime, seeking to optimize the laser pulse and the
microballoon geometry with a view to achieving high densities at the end of
compression; attainment of this goal will be facilitated subsequently by the
improved performance of the Octal laser.
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DISCUSSION
C. YAMANAKA: What beam quality do you get from an iodine laser which
has lamps inside the laser volume? Presumably, it can be very far from diffractionlimited.
J.P. WATTEAU: The gain was measured by means of a beam which had a
smaller diameter than the amplifier. We do not, therefore, have any information
on the quality of the beam which is produced by the amplifier and crosses the
flash layers. Relevant tests are now in progress.
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S. MERCURIO: Is the factor of 0.03 for heat conduction inhibition well
supported quantitatively by the existing theory you mentioned?
J.P. WATTEAU: The thermal conduction inhibition factor has been deduced
to be 0.03 from a comparison between a number of experimental results and a
numerical simulation of the implosion. However, this factor cannot be interpreted
as due solely to the ion acoustic instability because the relevant theory would give
a value about ten times higher.
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Abstract
OPTIMIZATION OF RESONANT ABSORPTION OF ALFVÉN WAVES IN LOW-/3 PLASMAS.
A parametric study of the loading resistance of antennae for Alfvén wave excitation has
been performed using a numerical code based on ideal-MHD equations. It is found that the
resistance exhibits a resonant enhancement if a collective mode is excited. It is shown that
this feature can be used to optimize the antenna and RF generator in such a way that an
efficient energy absorption takes place at the innermost plasma surface.

1.

INTRODUCTION

It is widely recognized that supplementary heating, in
addition to the basic ohmic heating,will be necessary to bring
a tokamak reactor into the ignition regime. One of the many
schemes proposed for this purpose is resonant absorption of
Alfvén waves in a nonuniform plasma [l,2j. It has the basic
merit of using low-frequency rf fields for which high-power
sources are readily available.
The basic theory for the rate of energy absorption using
this scheme has been given by Chen and Hasegawa [3 J using a
simple slab geometry. They found that the absorption rate is
strongly enhanced when the nonuniformity of equilibrium is sharp
and the driving frequency is close to the frequency of the
weakly-damped surface eigenmode [4]. To some extent, this
feature was also indicated in the calculations of Tataronis and
Grossmann for a cylindrical geometry [5J.
An objective of the present paper is to show that a similar phenomenon takes place in an equilibrium with an arbitrary nonuniformity.
In particular, the energy absorption rate
always increases whenever the applied frequency approaches the
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real part of the frequency of a collective mode of the plasma
response [4] . Essentially, the collective mode is a remnant
of a global mode of the system, which disappeared within the
Alfvén continuum, and consequently its frequency became complex.
The weakly-damped surface eigenmode is just a special type of
collective mode. The fact that the absorption rate exhibits a
resonant enhancement due to the excitation of a collective
mode can be used to optimize the antenna and rf generator in
such a way that optimum coupling to the plasma is achieved.

2.

COMPUTATIONAL MODEL

For the sake of simplicity, the unperturbed plasma is
described by a cylindrically-symmetric equilibrium with the
following characteristics : B z = 1, j z = j 0 ( l - r 2 ) a and
p = 1.01 - r 2 in dimensionless units, where the plasma radius
is unity. Here B 2 is the axial component of magnetic field,
j z is the plasma current density and p is the plasma mass
density. The free parameters j 0 and a are varied within certain ranges such that zero plasma pressure at the plasma boundary results in 3-values of a few per cent on the axis.
The Alfvén waves are excited by an ideal antenna consisting of 2m helical current sheets (of vanishingly small thickness)
which are located at the radius r^ = 1.2 in the vacuum region
between the plasma column and the perfectly conducting wall of
radius 1.5. The sheets are arranged in such a manner that the
resulting current density is of the form {JQ, J Z } = {k,-m/r A }x
cos (wt)cos (mO+kz) /2,where G is the azimuthal angle, 27i/k is the
axial wavelength of winding and w is the frequency of the rf
generator. The normalization is chosen such that the total
current in each sheet is equal to unity. Toroidal geometry can
be simulated by setting k = n/R, where n is the toroidal mode
number and R is the major radius of a torus.
The plasma motion is described by linearized ideal MHD
equations which are complemented by a source term representing
the excitation. The equations are solved by means of the spec-'
tral code THALIA [6 J. In fact, since we seek a stationary plasma
response the code was slightly modified by including a small artificial damping in the equations of plasma motion. Once the stationary response is found we can compute the loading resistance
and Q-factor (the ratio of reactance and resistance) by a standard procedure. At the same time, however, the magnitude of the
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artificial damping must be chosen sufficiently small that the results do not depend on it. The problem treated here is analogous
to the case of a damped harmonic oscillator when acted on by a
force with a continuous spectrum [7J. The total energy absorbed
by the oscillator does not depend on the attenuation decrement
when the attenuation is weak. Thus, we calculate the "true" resonant absorption without specifying a dissipation mechanism.

3.

RESULTS AND DISCUSSION

In the first study we investigated the excitation of the
m = 1 mode in the equilibrium with j = 0.6 and a = 2. The
frequency w and the axial wavenumber k were varied within a
domain defined by minco^(r) < 10 < min((jü^(l), w m a x ) , where w m a x
was chosen such that ü ) m a x < minu^pCk). Here w^(r) =
|k + mB0/r|/p'2 is the Alfvén continuum, B Q is the azimuthal
component of equilibrium magnetic field and (jü2jr(k) is the
frequency of the second eigenmode of the fast magnetoacoustic
branch. The computed values of the loading resistance R (per
unit length of plasma) were then plotted in the wk-plane. The
resulting altitude chart of R(w,k) for k > o is shown in Fig. 1.
One can observe that the resistance peaks along a certain line
ou = w c ( k ) . We argue that this line roughly represents the real
part of the frequency of a collective mode. There are two reasons for this assertion. Firstly, we repeated the same computations with the equilibrium plasma current switched off. In this
case one can determine approximately the behaviour of the line
a) = a)c(k) by a semi-quantitative analysis. This behaviour agrees
well with that obtained from the computations and is qualitatively similar to the case with the current included. Secondly, we
can see by means of the spectral code that when the line emerges
from the continuum it represents a discrete (global) mode,i.e. a kink
The chart of R for k < o (not shown) is similar to that for k > o
except for the location of the a)c(k)-line which is shifted towards the plasma boundary.
Fig. 1 can now be used to determine R as a function of k or
w for a fixed resonance surface. To this end, we simply draw a
line W A ( * = const) on the chart (in Fig. 1 the position of the
r a 0.8 surface is indicated by the dashed line) and infer the
corresponding values of R and k. Fig. 2 shows R and the Q-factor
versus k for three different resonance surfaces: r = 0.3, r= 0.5
and r = 0.8. It is easily seen that for each surface the loading
resistance has a maximum M(r) at a definite value of k. At the
same time, the corresponding Q-factor is reasonably small, which
implies a good coupling. Moreover, the plot indicates that for a
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FIG.l. Altitude chart of the loading
resistance R(o¿, k) (divided by 4n) for
m= 1, fo = 0.6, a = 2.

0.05

0.01

i

FIG.2. Loading resistance (solid lines) and
Q-factor (dashed lines) versus axial wavenumber k for three different resonance
surfaces. The parameters used are the same
as in Fig. 1.

given equilibrium and fixed value of m there exists an optimal
resonance surface associated with a maximal resistance maxM(r).
In order to find the position of this surface we plot M(r) versus
the radius as shown in Fig. 3. We see that for the case considered the optimal surface is located at r = 0.42.
Next, we tried to establish how the optimal resistance depends on the characteristics of the plasma equilibrium. For this
purpose, we repeated the above-described computations with different values of the parameters j 0 and a. The dependence of the
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FIG.3. Maximal loading resistance versus
position of resonance surface r for three
different equilibrium currents of the same
profile. The parameters used are: m = 1,
a=2r

FIG.4. Maximal loading resistance versus
position of resonance surface r for three
different profiles of the same equilibrium
current; m = 1.

quantity M(r) upon the value of j 0 is demonstrated in Fig. 3 for
the case where a = 2. We notice that for a fixed current profile,
the position of the optimal resonance surface is shifted towards
the plasma axis when the current increases. At the same time
the optimal resistance is enhanced. Thus, in plasmas with higher
B-values one can expect an efficient energy absorption at the
innermost surfaces. A peaking of the current profile, the total current being fixed, can have a similar effect. As can be
seen from Fig. 4, the optimal resonance surface is shifted towards the plasma axis when the current profile is steeper. For
a very peaked current the energy absorption seems to be equally
good for all inner surfaces. Also we varied the boundary value
of the plasma density. It turned out that the absorption is
not very sensitive to this value. A variation within the
range 0.01 —0.1 resulted in a variation of the resistance by a
few per cent.
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FIG.5. Loading resistance (solid lines) and
Q-factor (dashed lines) versus frequency in
the vicinity of two different singular
surfaces. The parameters used are: m = 2,
/o = 0.6, a = 2.

In the last study we tried to obtain some insight into
Canobbio's heating scheme [8 J in which a strong absorption is
predicted to occur near the singular surface defined by
k =-mBo/r. We investigated the excitation of the m = -2 mode.
In general, we found that typical values of the loading resistance are not very different from those of the case with m = 1.
However, the position of the optimal surface is shifted towards
the plasma boundary. For the Canobbio case we considered two
singular surfaces r = 0.8 (k = 0.3) and r = 0.4 (k = 0.5). The excitation frequencies were chosen in such a manner that the resulting resonant surfaces were close to the singular surface.
The results are shown in Fig. 5. We see that in both cases the
resistance rapidly decreases with the frequency (resonant surfaces approach the singular one) and the Q-factor increases.
This can be understood if we invoke the foregoing arguments
about the collective mode. The applied frequencies are very
low, and consequently far from the frequency of the collective
mode. Thus, the heating scheme considered does not seem to be
an optimal one.
In conclusion, we have shown that the structure of the
antenna and the frequency of the rf generator used for Alfvén
wave excitation can be optimized in such a way that an efficient
energy absorption takes place at the innermost plasma surface.
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Abstract
ALFVÉN-WAVE HEATING OF FUSION PLASMAS.
A self-consistent boundary value solution for the Alfvén-wave heating of thermonuclear
plasmas using finite antennas is obtained through accurate numerical computations. The model
employs a slab geometry for the plasma, which possesses a parabolic density profile. The
pertinent hot-plasma kinetic effects are incorporated in the dielectric tensor description. Under
optimum conditions, heating efficiencies in excess of 90% can be obtained both for the
k y = 0 and k y = (minor plasma radius) - 1 cases, corresponding to the cylindrical m = 0 and
m = 1 modes respectively. However, high antenna Q's and voltage occur for the m = 0 mode
whereas significant surface electron heating is found to accompany the m = 1 mode.

1.

INTRODUCTION

The Alfvén-wave heating scheme consists in launching the
quasi-compressional Alfvén wave (COM) at the plasma boundary,
its conversion to the quasi-shear kinetic Alfvén wave (KIN) in
the vicinity of the Alfvén surface x/\ (Fig. 1 ) , and subsequent
absorption through electron-Landau damping (ELD). The critical
surface x/\ is located where the wave phase velocity1 equal s the
local Alfvén speed V A - c wci/wpi• An accurate determination of
the fractions of the incident energy coupled into the reflected
and transmitted branches of KIN and COM constitutes the heart of
the theoretical problem.
The problem has been previously studied in various approximations [1-4]. In this paper we present a self-consistent boundary value solution that incorporates all the pertinent kinetic
effects. The full set of Maxwell's equations is numerically
integrated with precision, resulting in computational accuracy
in excess of ten parts in a million. Within the limits of a slab
plasma model, antenna design parameters for the ZEPHYR and ASDEX
machines are presented.

1

Parallel to the static magnetic field.
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FIG.l. Qualitative Alfven-wave dispersion curves both for the compressional (COM) and the
torsional (KIN) branches.

xA

X=0
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FIG.2. Geometry for the m = 0 mode. For m = 1 mode, the antenna current at x = ±c has
the same direction.

2.

GEOMETRY

The geometry and the parameters used in the computations are
shown in Fig. 2 and Table I (for the two representative machines
ZEPHYR and ASDEX) respectively. In the slab model, plasma half
width is taken to be the plasma minor radius. The fully ionized
deuterium plasma is assumed to be uniform in the y-and z-directions and with a parabolic density profile in the x-direction.
The static magnetic field is in the z-direction (effects of the
rotational transform are ignored),while the ideal antenna at
x = ±b carries a unit current Jy = exp (i kyy + i kzz-iojt). The
parallel wavelength x z is constrained to the values 2TTR = nA z ,
where n is an integer and R is the major torus radius. Similarly,
Xy is constrained to be given by 2ira = mAy. The finite antenna
results are obtained through Fourier superposition. The antenna
elements of width A z /20 are placed a distance A z /2 apart along
the z-direction and the adjacent elements are oppositely phased.
The m = 1 cylindrical antenna is simulated by assuming a constant
current alternating in direction at intervals ira along the ydirection.
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o

"max

PLASMA PARAMETERS A N D RESULTS
ZEPHYR

ASDEX

Static magnetic field (T)

9.74

Peak plasma density ( 1 0 ^ cm~3)

30
168
55
15
103
30
0.7
27

2.5
5
167
40
24
65
3
0.5
54

0.12

0.18

R Major torus radius (cm)
a Minor torus radius (cm)
c-a Plasma wall separation (cm)
Wall/antenna specific resistance (yftcm)
Plasma temperature (keV)
xci/a Position of left cutoff / minor radius
n
z Parallel refractive index
p

T

^e

Parallel phase velocity / electron
thermal speed

m=0 m=l

m=0

14.5

8.65

4.28

0.19
Fundamental parallel wavelength, A 2 (cm) 75.4

0.12

0.22

132
8
2
0.1

130
8
2
0.1
96

f Applied rf frequency (MHz)
o)/wci Frequency / deuterium gyrofrequency
x

z

n
N
s

53

2TTR/X Z

Antenna elements per wavelength, A
Fractional surface covered by antenna

14
2
0.1
99

vl00

4.38

13.6

n
R
L

Heating efficiency (percent)

\
\

230 31.7
52 2.34
Power input into the plasma (MW)
20
20
Electric field on antenna surface(V/cm) 384
43
Antenna voltage = 2iraE (kV)
133 15
Antenna current in each element (A)
573 432

Loaded antenna resistance

(Q)

Loaded antenna reactance (Q)
Loaded antenna quality factor

P
E
V
I

0.48
47.8

99
1.5
121
30
638

The total power input into the plasma is given by the Fourier
sum of the Poynting vectors for each of the (m,n) pair mode. The
wall at x = ±c is initially assumed to be infinitely conducting
in the computations. The wall dissipation is then calculated as
a perturbation from the known tangential magnetic field at
x = ±c. The antenna dissipation is estimated from the assumed
antenna current and surface resistance. We are then
able to
calculate such quantities of interest as heating efficiency
(n = power input into the plasma/total power input into the plasma, wall and antenna), antenna Q.etc.
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3. THE DISPERSION RELATION
In order to gain familiarity with the problem, let us consider the local dispersion relation [5],
A nj - B n^ + C = 0
where A = e x ,
?
4

(1)

2
2
2
B = e x + ev + e x e z - £xnz>

- 2 e x n | + n¿),

2
2
C = ez(ex + ev

n z = c k z / w , kz = 2TT/À Z , and I

i s the hot-plasma

d i e l e c t r i c tensor described i n [ 5 ] . Equation (1) may be factored
i n t o quasi-compressional (COM) and quasi-torsional (KIN) r o o t s ,
respectively, as
n

x

= e

x "

n

z

+ ô

(2)

l

and

n2 = ( e z / e x ) ( E X - n2) + 6 2

(3)

where

6 l = [q - ( q 2 - 4 p r ) 1 / 2 ] / 2 p

(4)

p = e x , q = ey (ex - nf ) (ex - e z ) and r = -ej (ex - n z - e z ) .
An expression similar to (4) may be obtained for 6^. In the MHD
limit, w -> 0, ey -»• 0, both 6i and 62 vanish identically, and the
two waves become uncoupled. Further, for m e -*• 0, e z -»•«>, (3) reduces to the familiar form (ex - n| = 0) of the shear Alfvén
wave. Fig. 1 shows a qualitative sketch of the two Alfvén branches. The qualitative form shown for the torsional root occurs
for c e = o)/kzVte < 1 (where v-te is the electron thermal speed)
and has come to be known as the kinetic Alfvén wave [2], The
left and right cutoffs at xçi and X Q 2 occur for C = 0 in (1) and
are located by n z = e x + i ey.
The COM possesses a weak ELD (through the presence of e z in
ôl), with a damping length
2
2
4
1/2
k-| . J. £ ( J2ê) ( -£l) (-£2)
( 2}
(5)
Al

r 00

v

a) '

v

oj '

^ i

x

e

10
of typically over 10 cm. If,instead of ELD, one relies on ionLandau damping of COM by choosing c.¡ ^ 0(1), the above expression for k"l is to be multiplied by (m.¡/me) çë* Cj^ e *P (C? - C 2 ) "
In this case the damping is still weaker and kxj typically
exceeds 1014 cm. Similar weak contributions to the damping of COM
occur from the ion-cyclotron damping terms through e x in (2). One
is therefore led to the conclusion that,excepting the gyrorelaxation pumping [6] in the collisional regime, plasma heating
using transit-time damping of the COM is not a practical proposition.
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In contrast, KIN is readily absorbed by ELD with a damping
length
2
-1
1
c e x P(Ç e )
K
xi " /9 A/2 oi
2
^
(2TT)
pe
çe
which is typically only a few centimeters for ç ^ 0(.l). Note,
however, that due to the strong evanescence of KIN near the
plasma edge (Fig. 1 ) , it would not be practical to launch it
directly from the antenna. Thus, we are in a position to
appreciate the crucially important role of wave conversion of
COM to KIN in the critical region surrounding x«.
4. THE LOCAL APPROXIMATION
For COM, the wavelength component A » rci- everywhere in
the plasma. Also, in the critical region near x/\, where coupling
and energy transfer from COM to KIN might be expected to occur,
X x » rQ-j for KIN as well. The energy coupled to KIN is rapidly
absorbed through ELD in a short distance along the x-direction,
and the accuracy of the dispersion relation for KIN outside the
narrow critical region would not reflect on the results of the
computations. Thus, in the present context, it would suffice to
retain only the zeroth order terms in rci/Ax in §, i.e. the
plasma may be considered cold in the perpendicular direction.
This simplification allows us to treat the plasma as "locally
homogeneous". With this provision, the elements of I are:
e

x *

X

e

y *-*

- * ^ p j / ( u 2 " u)^.)]
Es

j (wcj/üJ) ^ p j / ^ 2 " œ c j ) ]

^ l - ^ / o ^ Z j (Cj)

(7)
<8>
(9)

where s. is the sign of the charge of the particle; Z- = Z (ç.)
is the plasma dispersion function [7]; Zj = 3Zj/3Çj, and the
summations are to be performed over all the particle species.
5. CHOICE OF PARAMETERS
The location of the left cutoff at Xp, plays a critical role.
On the one hand X Q should be close to the plasma surface so as
to mimimize the evanescent region, yet sufficiently near the
plasma interior so that the energy converted to KIN is deposited
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far from the edge. Moving X Q too close to the center, however,
leads to inadequate damping distance for the effective ELD of
the KIN. With these considerations in mind, the optimum choice
of x c l for ZEPHYR is 0.7a and for ASDEX 0.5a [8]. This automatically fixes the parallel refractive index n z = 27.5 and
n = 54.1 for the two machines, respectively.
In the MHD limit, since COM and KIN are uncoupled, the
entire energy delivered by the antenna to the evanescent COM at
the plasma edge is simply transferred to the propagating COM
beyond the critical region at X A [4]. Also, in this case, the
cutoffs at X Q 2 and Xç2 coalesce at x/\. For finite w, the separation |XQ2 " X Q | between the two cutoffs increases with increasing w/o) ci . Due to this widening gap between the evanescent
and propagating regions of COM, the fractional energy coupled
into the propagating COM decreases. There is a concomitant increase in the wave conversion efficiency to KIN, which attains a
maximum at w/«c^ = 0.195 in the case of ZEPHYR and at Ü>/Ü>C.J =
0.225 in the case of ASDEX for the m = 0 mode. For the m = 1 mode
in ZEPHYR, a similar optimum occurs at ÜJ/WCÍ = 0.117. A further
increase in w results in a net decrease in the energy coupled
to KIN, although the conversion efficiency may continue to rise.
This is due to the enhancing evanescence resulting from an increase in k z with a) while n z = ck z /w is kept fixed. Also,considerations for minimal evanescence dictate that the antenna be
located at the plasma edge itself. Further parameters, readily
derivable once xpj and w/wci are fixed, are to be found in
Table I.
6.

RESULTS AND DISCUSSION

The results for both the ZEPHYR (m = 0 and m = 1) and the
ASDEX machines are given in the last part of Table I. The Alfvénwave heating scheme appears to be undeniably attractive as far
as the heating efficiency goes.
For the m = 0 mode, the antenna Q's and voltages are high
enough to cause serious engineering problems of impedance
matching and electric breakdown. The high Q's, and consequently
the large electric fields, occur partly due to the multiple
passes (through the critical region) required for the wave conversion [4] and partly due to the higher-order evanescent modes
in the finite antenna k z spectrum. The problem with high voltages
could, in principle, be alleviated by subdividing the antenna
into sections at the cost of some cumbersome plumbing.
The problem of high Q and large antenna voltages disappears
in the m = 1 mode while retaining the high heating efficiency.
This can, at least, be qualitatively understood by examining the
Maxwell's equations which contain further coupling terms between
COM and KIN for finite kv.
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The above attractive features of m = 1 coupling, however,
are accompanied by significant (^ 10 % for ZEPHYR) coupling of
rf energy from the antenna to the evanescent surface shear mode
(KIN) which is rapidly damped by ELD. The surface heating effects
for the m = 1 mode become even more pronounced for the low magnetic field (more precisely for large <Dp-j/u>cj) machine like ASDEX,
in which case as much as 25 % of the energy leaving the antenna
gets deposited on the plasma surface.
The surface heating results for the m = 1 mode are subject
to modification on two counts. The first reason concerns the
finite Larmor radius effects, which are important for the shear
wave near the plasma boundary. Secondly, the shear wave dispersion relation is profoundly affected by the temperature
gradients invariably present in a realistic situation. If the
plasma is indeed cold at the surface, the energy coupled by the
antenna to the propagating cold-plasma shear wave will be absorbed somewhat further from the plasma boundary in a region
where ç e ^ 0(1), a condition occurring where the plasma electrons
have a temperature of a few hundred electron volts. Note, however, that, as already pointed out in Sec. 3, temperature gradients would not affect the remaining results involving the bulk
plasma heating. Nor is the bulk plasma heating sensitive to the
plasma temperature itself. The heating results quoted in this
paper remain practically unaltered for temperature variation ranging from a few electron volts up to 30 keV for ZEPHYR
and up to 7 keV for ASDEX. Above these temperatures, however, the
plasma becomes transparent to KIN and the heating efficiency
drops.
The parabolic profiles used in this paper may not be realistic. As a rule of thumb, steeper profiles cause better coupling
and heating efficiencies, resulting in lowered values of antenna
Q's and voltages. At the same time, they demand a more precise
control over the frequency in order to locate the wave conversion region accurately.
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DISCUSSION
ON PAPERS D-l-1 AND D-l-2

A.M. MESSIAEN: I would like to know if any effect produced by
magnetosonic eigenmodes was observed. Previous work* has shown that these
modes can enhance the field inside the plasma and also the loading resistance.
J. VACLAVIK: To the best of my knowledge the answer is yes.
L. CHEN: I believe that neglect of finite ion-Larmor-radius effects is not
justified for the mode-converted kinetic Alfvén wave. What is your opinion on
this point?
J. VACLAVIK: I think that as long as the kinetic Alfvén wave is completely
damped before it reaches the plasma axis the effects of the finite radius are
irrelevant. In the opposite case, I agree with you.
L. CHEN: If the waves are completely damped, then an ideal MHD treatment
with a causality factor is sufficient, i.e. there is no need to treat electron kinetic
effects at all.

* C.F.F. KARNEY et al. (Réf. [4] of paper D-l-2) and A. MESSIAEN, in Proc. 7th Europ.
Conf. on Controlled Fusion and Plasma Physics, Lausanne, 1975, Vol. 1 (1.975) 155.
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Abstract
ICRF HEATING, PARTICLE TRANSPORT AND FLUCTUATIONS IN TOKAMAKS.
The paper consists of three parts. Part A reports the results of ICRF heating at
power levels up to five times Ohmic heating. The ions were heated from 50 to 200 eV while
the electron temperature increased from 150 to 250 eV under optimum conditions.
Impurity generation is controlled by Ti or Cr in-situ vapour deposition of about 100 Â thick.
Heating is observed to vanish as the plasma density is raised above 1013 cm -3 in Macrotor
and 1014 cm -3 in Microtor. Below these densities and at high power levels, the plasma particle
confinement time, and consequently the energy confinement, diminishes with power input.
Density clamping, drop or rise are produced depending on wall conditions. Part B describes
magnetic field fluctuation measurements on the Caltech research tokamak. At low
frequencies, f < 100 kHz, the B spectrum is dominated by an m = 2 or 3 mode and its
harmonics, while at high frequencies, 100 kHz < f < 1 MHz, the B fluctuations are broadband
and have short correlation lengths. Part C reports on FIR scattering measurements of density
fluctuations in the Microtor tokamak. The fluctuations exhibit a power law falloff of oo"2'5
between 100 kHz and 500 kHz and k"3-5 for 6 cm"1 < k < 20 cm"1. A comparison of these
measurements with theoretical models and with transport is presented.

Part A
HEATING AND TRANSPORT
(R.J. Taylor, G.J. Morales, F. Schwirzke, S. Talmadge, S.J. Zweben)
1.

INTRODUCTION
We have conducted an investigation into the nature of
ICRF heating under a broad range of conditions using the Microtor and Macrotor tokamaks. The machine operating parameters
are:

* Supported by US Department of Energy Grant No. DE-AM03-76SF-00010.
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Macrotor
0.1 T <Bx < 0.4 T
20 k A < I p < 100 kA
1 x 10 1 2 cm" 3 <N e < 3 x 1013cm~3
R = 0.9 m-, a = 0.4 m

Microtor
1 T < B T < 2.5 T
20 kA < I p < 120 kA
1 x 1013cm 3 <Ne< 5x l0lkaP
R = 0.3 m; a - 0.1 m

These devices obey the Alcator-A scaling law[l]. Particularly
large flexibility is found in programming the density (beta)
while keeping the temperature constant. This is attributed to
the wall conditions and the low impurity levels. For example,
the total impurity radiated power (edge plus center) can be kept
below 1% of the ohmic input. The majority of the input power is
lost by charged particle transport. The plasmas are often doped
with CO2 in order to increase the line radiation for diagnostic
reasons. This gas is mixed into the working gas and puffed
during the pulse.
RF power, up to 0.5 MW at 0.5 fiCD<WRF<6xfiCD, is applied
through loop couplers (antennae) located on the outside of the
plasma. These may act as limiters when the plasma approaches
them. We have investigated many different but simple antennae
similar to the TFR designs[2], with and without shielding the
currents and fields. Fig. 1 shows the placement of the antenna
in a typical configuration.

INSULATOR

FIG.l. Placement of an antenna in
Macrotor showing insulation of Faraday shielding.
Improved coupling can be obtained by
contouring the antenna to the plasma.

Two important ingredients have been found relating to
antenna design: (1) avoid plasma current flowing to energized
parts; and (2) place the loop close to the plasma edge. Electric
fields (less than 10 kV/cm) around the insulators exposed to the
plasma are found inconsequential, being shielded out by the
plasma. However, on occasion we have used a Faraday shield to
protect the insulators from sputtering, as shown in Fig. 1.
2. WAVE PROPAGATION
Fig. 2 shows the calculated propagation zone of the fast
Alfvén wave in Macrotor, for various azimuthal mode numbers, n¿,
in a deuterium plasma at the second harmonic. Here we followed
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90
R(cm)
FIG.2. Calculated fast Alfvén wave propagation zones in Macrotor at
n c = 3 X 10 13 cm" 3 , B T = 3 kG and
co R p = 2 X Í2CD as a function of azimuthal
mode numbers. The evanescent region
increases with mode number.
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FIG. 3. The measured ICRF wave
amplitude and phase in Macrotor as a
function of density. The azimuthal mode
number is proportional to the phase.
Similar results have been found in
Micro tor.

Perkins' formulâtion[3], Due to the high density in these devices, large mode numbers can be propagated, up to n^ ^ 25 in
Macrotor at 3 x 1013cm~3 and 20 in Microtor at 3 x 101,+cm-3 (not
shown) . Experimentally we find that the dominant k|| is selected
by the plasma so that the mode number is approximately proportional to the density. Consequently, at high densities k|| is
large and the propagating region narrows. The evanescent region
between the antenna and the Alfvén cutoff layer therefore becomes wider. The consequence of this is seen in Fig. 3, where
the dominant wave amplitude as received by a probe decreases
while the wave number (phase) increases. Thus, the optimum
heating is observed at moderate densities, about three times
smaller than the maximum attainable in each device. This corresponds to a beta on axis of 1%.
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3.

ICRF HEATING
The heating has been investigated for a variety of conditions, the most promising being the ion-hybrid and the minority
regimes, 0.04 n H /n D <0.5. Significant edge heating, (T
*v» 3x
T Q H ) has been seen under most conditions, e.g. at the sixth
harmonic of deuterium. Fig. 4 shows the time-dependence of the
observed heating, in the two-ion regime. The ion heating was
monitored by Doppler broadening of CV at the center. Figure
5 shows the typical spectrum of charge-exchange neutrals. Fast
ions up to 10 keV can be produced in Macrotor. These ions are
mainly lost by charge exchange on a 1-msec time scale, while the
bulk ion confinement time is 5 msec.

A

-

Te

/i
A

\J\

RF
20

40

60

80

T I M E (ms)

FIG.4. Evolution of temperature during
rf heating in the two-ion regime;
n H /n D % 6%.

ICRF
Waves
3keV
CX

80 ms

i
2
E N E R G Y (keV)

FIG. 5. Charge exchange T\ in the
minority mode. The T¡ without rf
heating is 70 eV (not shown). The insert
shows increased charge-exchange activity,
loading and ICRF wave phenomena at
the toroidal resonances.
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In our experiments the ion temperature rises linearly with
input power when the power is low. But when the RF power exceeds
the ohmic heating power, the heating efficiency falls off due to
a reduction of the particle confinement time. The heating saturates and the main effect of the additional heating power is to
reduce the confinement. In Macrotor, therefore, we have realized conditions where an upper limit to power input is seen in
terms of transport and not impurities or power transfer. In
Mlcrotor, the experiments have been limited to low power input
due to the compactness of the device. More elaborate antenna
designs are under investigation to increase the coupling without
reducing plasma size. Even so, we were able to see enhanced
charge-exchange flux activity at toroidal resonances. The heating efficiency in Microtor also decreases with density faster
than l/ne.

4.

TRANSPORT
The effect of the RF on the particle containment was not
evaluated in earlier tokamak experiments. Generally, a density
increase has been seen [4], possibly due to impurity influx. In
Macrotor we have seen both density increases and decreases, depending on wall conditions. When the recycling rate is less
than unity, as when the walls are clean and gas is puffed during
the discharge, the density is observed to fall. This can result
in the reduction of T p to 1 msec from the usual 5 msec.
Fig. 6 shows this effect versus antenna current. The
rate of fall has been extracted from the traces shown in the inset. The transport is observed to increase linearly with antenna current, in analogy with results from earlier experiments
on other devices[5]. A mass dependence has also been noted.

0.0

0.3

0.6 ,

x

ANT CURRENT (kA)

09

FIG. 6. Rate of density loss versus
antenna current in Hand D plasmas. The
insert shows the oscillogram in an H plasma
at various antenna currents.
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FIG. 8. Oscillogra ms of curren t rise an d
densit
y droP due to a short rfpulse. The
densit
y droP in the center is delayed
^
2 ms at high
densities. The density drop
at the edge is prompt (not shown).

When operating in H, D and He plasmas, the particle containment
time increases somewhat as the square root of the mass. This is
shown in Fig. 7.
Fig. 8 shows the time behavior of the density integrated
along a central chord, on an expanded time scale for a short RF
pulse. The density drop appears delayed with respect to the RF
pulse by 2 msec. At the edge of the plasma, near the antenna,
the density drop is prompt, less than 50 Usee. This indicates
that the center is affected by a diffusion process, not directly
by the RF field which quickly (10 usee) builds up at the center.
It appears that the edge heating is responsible for the transport,
and that the edge temperature varies as the square of the antenna current. Convective transport at the edge may then be
driven at a rate proportional to the ion sound velocity, that is,
proportional to the square root of the edge temperature over the
atomic mass. This density drop may not be observable in devices
where the impurity influx cools the plasma edge[6]. In that
case the resulting cold plasma may block off the escaping particles, and a density rise may be observed even without a central
impurity increase.
PartB
MAGNETIC FIELD FLUCTUATIONS
IN THE CALTECH RESEARCH TOKAMAK
(M.A. Hedemann, B.S. Levine, R.W. Gould)
Recently there has been great interest in magnetic field
fluctuations in tokamaks, since various mechanisms have been
proposed[7-10]by which they might explain the observed anomalous
electron thermal transport.
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We report experimental results on the characteristics of
broadband magnetic field fluctuations observed in the Caltech
Research Tokamak (R=.46m, a=.15m, B T M T , IpV30kA, Te^100-200eV)
from magnetic probes inserted into the plasma. Similar measurements have been reported on the Macrotor tokamak[ll], A multichannel digital data acquisition system with a Nyquist frequency
of 2 megaHertz (and in some situations to 10 MHz) is employed
which permits continuous recording of signals from spatially
separated probes which measure various components of the fluctuating field. These signals are archived for spectral, correlation and coherence analyses.
A strong m=2 oscillation (f^20kHz) dominates the first 2
msec of the discharge (the current penetration phase). The
amplitude decays rapidly as the electron density falls from a
peak value of 1013cm 3 to 3x1o12cm 3. Mode number can be established from the phase of the cross power spectral density of two
probes with different poloidal locations.
Later in the discharge, when the electron density has
settled to a relatively constant value, the application of these
measurement techniques has shown relatively broadband spectra,
up to 1 MHz. During this phase, the r.m.s. fluctuation level of
both the radial and the poloidal components is 1-5 Gauss ( M 0
B p or VL0~ 3 B T ). The r.m.s. fluctuation level of the toroidal
component is <20% of this. The fluctuations propagate in the
electron diamagnetic drift direction with a phase velocity of
M.06cm/sec. The fluctuations are well correlated only for probe
separations < ^ 5cm. The B p spectrum is dominated by low frequencies (f^20-40kHz), while the B r spectrum is flat to ^300kHz.
The spectral density of both B p and B r decreases monotonically
above these frequencies as f"111 with m varying from a value of 2
to 4 during the shot (Figure 9 ) .
The time development of magnetic fluctuations, their
spectra, correlation lengths and coherence have also been studied during density buildup and decay from neutral gas-puffing.
During the density rise, an exponentially growing m=2 oscillation
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with a growth time of 0.2 msec is observed, which compares well
with resistive tearing-mode theory. This mode reaches a saturation amplitude (Bp) of a few Gauss. It is highly monochromatic and exhibits a high coherence between probes. During the
density decay, a multipeaked coherent mode structure, which has
been identified as the fundamental and (strong) harmonics of the
m=2 and the m=3 modes, has been observed. The harmonics are
seen to rotate with the appropriate fundamental, and are believed to originate as deformations of m=2,3 magnetic islands.
An m=7, n=2 mode (f^77kHz) is also frequently seen. An m=5
mode (f^55kHz) is seen occasionally. The maximum achievable
density prior to disruptions is found to be consistent with the
Murakami limit.
No direct experiments have been done which connect
fluctuations with anomalous electron thermal transport. Although much of the energy of the magnetic field fluctuations resides in the low-frequency (f<100 kHz) portion of the spectrum
in what appear to be partially coherent modes, at least 10%
(VLO~I|B']0 of the field strength is present in the broadband
non-modal portion of the spectrum. This may be enough to provide transport.

PartC
FLUCTUATION MEASUREMENTS ON THE UCLA TOKAMAKS
(P. Lee, N.C Luhmann, Jr., A. Mase, W.A. Peebles, A. Semet, S.J. Zweben)
Low-frequency electron density fluctuations (f = 5 kHz 1 MHz) in the UCLA Microtor tokamak have been studied using CW
far-infrared (FIR) laser scattering and compared with standard
probe techniques. The measurements are performed in two regimes: low-density (ne - 2 x 10^3 cm~3) an d high-density
(ne > 5 x 1()13 cm~3) plasmas. In the latter case, preliminary
ICRF heating studies have also been performed and the effects on
low-frequency fluctuations are briefly reported.
FIR lasers are ideally suited to the study of collective
fluctuations in magnetic fusion plasmas. For FIR lasers the
scattering angle is large (9 = 1-40° for typical fusion plasma
parameters). Therefore, they provide good spatial resolution
(Ax = 1-3 cm) while simultaneously providing good wavenumber
resolution (Ak < 3 cm - 1 ). Additionally, by varying the source
wavelength in the FIR, one can determine the wavenumber spectrum S(k) over a wide region of k-space, which is of importance
when calculating absolute density fluctuation levels.
For the FIR homodyne scattering measurements discussed
here, the output of an optically pumped FIR laser (C^HoF,
X = 1.222 mm , P * 3-5 mW or CH3I, X = 0.447 mm , P = 10-15 mW)
enters the plasma along a vertical plane where the beam diameter
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FIG. 10. (a) Wavenumber spectrum of scattered
1.222-mm (circles) and 0.477-mm (squares) radiation,
(b) Frequency spectrum of scattered 1.222-mm
radiation.

is 2.5 cm for C 13 H 3 F or 1.5 cm for CH3I. The scattered light in
the same plane as the input beam is collected by a movable mirror which allows the variation of the scattering angle 6 from
0° to 20°. Thus, the wavevector to be detected is perpendicular
to the toroidal field. Near the plasma center the scattering
occurs primarily from the kg component of the fluctuations
while at the plasma edge the kr contribution dominates.
The I.F. signal is amplified by a series of low-noise amplifiers (1.5 dB N.F., Af = 10 kHz-10 MHz, G = 70-90 dB) and
fed either directly into a high speed digitizer for waveform
analysis, or into a crystal detector in order to study the time
evolution of the frequency-integrated signal.
Detailed experiments were performed in the low-density
regime [12]and the following features were typically observed.
(1) As shown in Fig. 10, the density fluctuations exhibit a
power law fall-off w~2-5 between 100 kHz and 500 kHz and k~3«5
for 6 cm"l £ k,$. 20 cm-1 (0.6 < k. p¿ < 2) . A large enhancement
of the very low frequency components (f < 20 kHz) is observed.
The spectrum of the density fluctuations detected by Langmuir
probes was also found to scale as (ñ) ¿ « w~¿,-> for f > 100 kHz.
(2) This spectral shape is independent of radial position r, .
which means that an isotropic turbulence spectrum is formed in
a two-dimensional plane.
(3) Total density fluctuations obtained by integration of
S(k_, a)) over w and k_ are found to be peaked at the plasma edge,
yielding n/n0 - 1.5%.
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FIG. 11. Frequency spectrum of
scattered 1.222-mm radiation at two
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Preliminary results have been obtained in the high-density
plasma with and without ICRF heating. Figure 11 shows the frequency spectra at two different radial positions. It is seen
that the high-frequency components are enhanced at small-values
of r (i.e. kQ >> k r ) .
Linear theory predicts that the waves will lie in the
drift wave frequency region with w - w* = kgv^*, where v¿* is
the electron diamagnetic drift velocity, v5 = 2-4 x 10 5 cm/ sec.
For kQ * 3.6 cm"1 (r=0) we obtain U*/2TT = 100-200 kHz, which is
consistent with observed peak. These results are in contrast to
the low-density case (iie < 2 x 10-" cm--') where the very low
frequency components (f < 20 kHz) dominate at all radial positions .
Recently, FIR scattering has been performed during ICRF
heating although the antenna structure had not yet been optimized. The wavenumber spectra were compared with and without
ICRH as shown in Fig.12. The power law fall-off in wavenumber
spectra is k~3.5±0.5 without rf which is the same as the lowdensity plasma case while k~3-l±0-4 with rf. Typical normalized
density fluctuation levels of~4% are observed in both cases.
The energy confinement time calculated from the measured
plasma parameters is - 1 msec for the low-density and - 5 msec
for the high-density case. These allow estimates of the global
heat diffusion coefficient Dg = a^Mfg ~ 3 x 10^ cmr/sec and
6 x 10^ cm^/sec, respectively. This can be compared with the
enhanced diffusion expected from low-frequency microturbulence.
Cheng and Okuda [13], using computer simulations, have shown that
convective cells can be excited nonlinearly by drift instabilities. These cells have different frequency spectra from that
of the drift waves with more spectral weight at small w, in
qualitative agreement with the data shown in Fig. 10. In addition, they give rise to an anomalous diffusion coefficient
D - (cTep^)eBLn which yields (1-4) x 10^ cm^/sec for our experimental parameters, which is in good agreement with the energy
confinement time for the low-density plasma.
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FIG.12. Wavenumber spectrum of scattered 1.222-mm radiation at two times
in the tokamak discharge with (squares) and without (circles) ICRF heating.

From the usual quasilinear procedure,the cross-field diffusion coefficient due to the electrostatic drift wave fluctuations is estimated as D = yl^ I "/no I ^ where y is the growth
rate of the linear unstable wave. If we assume that y
*s
roughly given by the measured auto-correlation time of the
fluctuations (~ 4 usee), we find D - 10-* cnr/sec for n/n ^ 1.5%
and 7 x 10-3 cm^/sec for n/nQ =; 4%. The latter value is in good
agreement with the energy confinement of the high-density plasma.
In conclusion, we have observed for the first time the
power spectra of density fluctuations in the Microtor tokamak
by using FIR laser scattering. These fluctuations may be
identified as collisionless drift waves and nonlinearly excited
convective cells. It is shown that these fluctuations may be
one of the main causes of anomalous transport, which is much
larger than that predicted by the neoclassical theory.
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DISCUSSION
F. WAELBROECK: You have shown that ICRF heating increases the
temperature but causes a density decrease for deuterium plasmas in Macrotor.
Is the net effect an increase in the total plasma energy and, if so, what is its
magnitude? Increasing the plasma energy tends to shift the plasma position
radially outwards and enhances the plasma-antenna contact. What provisions,
such as feedback control, exist on Macrotor to limit this outward displacement
and prevent resultant particle losses, which are expected to be much larger for
D than for He because of the different recycling properties on the metal surface?
R.J. TAYLOR: The plasma energy increases from 0(0) = 1% to 0(0) = 3%.
The radial shift is accommodated by anticipating it with programming. There
are, however, also some problems with feedback systems, so we have not used
them. The difference between the recycling of D and He is intrinsically so
large that plasma motion is not observed to be a significant factor in the results.
P.E. JACQUINOT: Did you study the effect of minority concentration
on heating and pump-out?
R.J.TAYLOR: Yes. The minority contribution to heating is significant;
the effect on pump-out is not. However, we have observed some minority
transport in the axial direction at the cyclotron layer by using Faraday-cup detectors.
P. VANDENPLAS (Chairman): Did you make a systematic investigation of
the damping mechanism and under what conditions do you have maximum
power absorption?
R.J. TAYLOR: It is still difficult to show maximum power absorption by
direct dialling conditions owing to the complexity of the operating regimes.
However, on the basis of results over the last two years, the two-ion regime looks
more efficient than the H-second harmonic by a factor of two. This conclusion
may be altered in the future as a result of changes in the excited power spectrum
produced by new antennae.
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T. TAMAÑO: Can you be certain that the density change is due to the
presence of RF fields rather than to a change in local temperature?
R.J. TAYLOR: Both factors may be important, the major effect possibly
coming from the edge temperature, which is not cooled by impurities in our case.
R. ITATANI: I would like to comment on the importance of mode
selection for ICRF heating. Linearly polarized RF fields generate convective
plasma motions because the ponderomotive force enhances the plasma losses.
On the other hand, rotating RF fields do not give rise to convection. These
conclusions have been confirmed experimentally on both a small tokamak
and a linear plasma.
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Abstract
ICRF HEATING IN TFR 600.
RF plasma heating at a frequency near the proton cyclotron frequency has been studied
in TFR in a high-density plasma (n e0 = 1.5 X 1014 cm -3 ) up to a RF power of 500 kW. In a
D plasma containing 20% H (B^ = 45 kG), coupling the maximum power of the generator led
to comparable heating effects of the ions and electrons (AT D0 — ATe0 = 200 eV) in spite
of a simultaneous decrease of the loop voltage by 0.4 V. At lower H density (nH/nj} < 5%,
B^ = 40 kG), comparable ATD is observed. However, the heating effect on the electrons is
smaller than in the first case, and a high-energy tail is observed on the H energy distribution.
In both cases, the relative amounts of ion and electron heating are consistent with the present
picture of ICRF heating assuming "wave conversion" and "minority heating" dominate the
two conditions. However, reduced heating of the electrons in the second case might be partly
due to increased interaction with the wall. At lower density (n e0 = 5 X 1013 cm -3 ), large
increases of Ti and Te are observed (AT up to 500 eV), but important increases of the density,
impurity content, loop voltage and radiated power indicate in this case a strong interaction
with the wall.

1.

GENERAL PICTURE FOR ICRF HEATING

Our present views onICRF heating in TFR can be summarized in the
following way [1] : in a basically deuterium plasma containing a fraction
n = n^/n^ of protons, the fast wave launched by an antenna will be efficiently damped
in the nearly vertical region located between the u = u>cH and the ion-ion hybrid
layers. For each k„ component of the wave launched by the antenna, an approximate
critical ratio n is defined by

1c = W <

k?. c2

k„VthH

VD

~^H

If n > n , the fast wave is converted into a slow mode which will be
damped in the vicinity of the hybrid layer, partly by the electrons (Landau
damping) and partly by the protons (cyclotron damping). Fast equipartition between
H and D will lead to comparable final temperatures for both ion species.
In the other limit, r\ < nc» interaction of the minority H population
with the wave dominates the damping near the H cyclotron layer : a proton energy
distribution characterized by a high-energy tail is now expected [2], D and e
being then heated by collisional transfer provided the hot H population is
adequately confined in the tokomak fields.
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Ion heating observed earlier in TFR up to a RF power level of 300 kW
[3] was shown to be in general agreement with this picture based on a linear
theory : definite H and D heating was observed at low n with the w = w ciI layer
near the plasma center, and at high n.provided the toroidal field is increased
so as to
bring the hybrid layer near the axis. However, only preliminary data
on electron heating had been obtained and the effect of n on ATe was not unambiguously evidenced.
In the experiments described here, an improved version of the antenna
has been used, allowing the RF power delivered to the plasma to reach 500 KW.
Ion heating, both at high and low n,is confirmed, but clear evidence of e heating
by RF is now obtained, with a marked difference between the high and low n
situations : while strong e-heating is observed at high n values, this effect is
weaker or absent at low n. Moreover, a significant difference in the H heating
effect and superbanana particle production brings additional confidence in the
validity of the theoretical model.

FIG.l. Four half-turn antennae used in the experiments.
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2.

RF POWER COUPLING TO THE PLASMA

The full power of the 500-kW RF generator was transmitted to the
antenna structure shown in Fig. 1. This is made of 4 nearly-half-turn silverplated Inconel plates separated from the plasma by a double-layer Faraday shield.
The coils are connected internally in parallel forming a top and a bottom pair,
each fed by a 50 Ü coaxial line. Each pair was found capable of transmitting up
to 400 kW at a RF voltage of 18 kV on the transmission line. Comparing the
loading resistance with and without plasma indicates that as much as 90 % of the
transmitted power must be coupled to the plasma. The electrical length of each
coil, shorted at its end, is 60°. Accordingly, most of the RF power is delivered
to the plasma from the high magnetic field side. The full array appears capable
of transmitting up to 1 MW through a single port of TFR.
For an antenna located in a H ¡p ripple, the Faraday shield appears
as a crucial element in the antenna design. As shown in a previous series of
experiments, suppressing that part of the screen facing the plasma resulted in a
different behaviour of the top or bottom element (depending on the Btp direction)
with a lower power capability of the coil submitted to bombardement by ions
trapped in superbanana orbits [4],
Predicting the antenna radiation resistance was done on the basis of
a simple plane model described earlier [5] : assuming the magnetosonic wave
launched by the antenna is completely absorbed in a single transit through the
plasma, this model allows evaluating the electrical characteristics of the loaded
antenna and the nominal value of the radiation resistance (R = 2 PZs/vS with P
the RF power, Vo the peak voltage on the transmission line and Z 0 its characteristic impedance). For the antenna described here, this leads to R between 10
and 15 £2 depending on the distance assumed between the antenna and the plasma
edge. These figures are in fair agreement with the experimental values, between
10 and 20 Ü. A more elaborate model in which the loading is determined by
damping at the hybrid layer instead of by simple radiation leads to similar values
for R [6].
3.

PLASMA HEATING IN HIGH-DENSITY CONDITIONS

The principal goal of the experiments was a comparison between the RF
heating efficiency in high and low n = nij/nD conditions. This was achieved in
the two groups of conditions summarized m Table I.
TABLE I

§^DË£âi_£!îËEâ££êli2£i£5_Î2£_îîislîzËËSSi£ï_Ei222â_£22â^£^°ns
Toroidal field

Bip

45 or 40 KG

H/D relative density

n

0.2 or < 0.05

Plasma current

I

250 KA

P

14

-3

Peak electron density

n

1.5*10 cm

Peak electron temperature

TeQ

900 - 1000 eV

Peak ion temperature

T^Q

Impurity level
Limiter radius

^etí
a

650 - 700 eV
~ *-3
18 cm

A 60-MHz RF pulse at a power level between 350 and 500 KW was applied
for 30 to 50 ms (occasionally up to 100 ms), 200 ms after plasma breakdown.
At 45 KG, the H cyclotron layer is located at R = 112 cm (14 cm from the plasma
center). In these conditions 20 % of H was added to the basically D plasma so as
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to bring the hybrid layer near the axis. At 40 KG, no H was added : the n ratio,
measured by mass spectrometry of the neutral gas immediately after the plasma
pulse and by mass/energy analysis of the charge-exchanged neutrals (CX) during
the pulse, was then < 5 %.
During the pulse, the RF level usually remained constant within 10
to 20 %. No peaks in the different RF signals were observed : this fact, as
well as a comparison of RF magnetic probes signals located in different ports,
indicates that, in both conditions, the wave launched by the antenna is damped
over a toroidal distance shorter than the torus diameter, as expected from
theory [6].
Te (r,t) and Ti (r,t) were evaluated by the different techniques used
previously (Thomson scattering, w c e radiation, soft X-rays, CX signals and
neutron flux). Two new diagnostics, based on interferometric analysis of infrared
radiation at 2 w c e
[7], brought additional information on Te (r,t). In both
conditions of Table I, and up to the highest RF power; n e profile measured along
8 chords by HCN laser interferometry was not significantly altered by the RF
pulse, except perhaps for a few percent decrease in the central region.
3.1. Case I: 45 kG, r? = 0.2
With the hybrid layer located some 14 cm from the H cyclotron layer,
RF is expected to be coupled efficiently to both the electrons and the ions.
A fast increase of Te is actually observed : although the loop voltage drops
from 1.9 to 1.5 volts during the RF pulse, with a corresponding decrease of
nearly 100 kW for the ohmic power, T e o reaches an equilibrium value of 1100-1200 eV
at the end of a 40-ms RF pulse, 200-250 eV above the pre-RF conditions. The several
diagnostics agree on this increase of T e o . Moreover, soft X-ray analysis (fig.2)
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FIG. 2. Te0 (from soft X-ray), TiQ (from
neutron rate) and loop voltage evolution
during a 400-kW RF pulse (r¡ = 0.2).
Experimental data are compared with the
values computed from a local code
assuming 0.5 W-cm~z and 0.9 W-cm~3
are coupled to ions and electrons.

and 2 u c e interferometry allow an estimate of the initial rate of T e o increase :
dT eo /dt ^ 25 eV/ms, corresponding to a local power deposition of 0.9 W.cm~3.
Thomson scattering (fig.3) and 2 u c e interferometry show the same relative increase
of Te is observed over the whole Te radial profile.
D and H temperatures deduced from CX measurements both grow at the
same rate, from an initial value of 650 eV up to about 900 eV on the axis, with
no significant alteration of the initial profile (fig.4). An increase of the
neutron rate by a factor 4 to 6 indicates A T D on this axis around 200 eV, while
time evolution of the neutron signal leads to°an initial d T n /dt of about 15 eV/ms
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20 r(cm)

20r(cm)

FIG. 4. TD (rj derived fro m D CX
signals immediately before and at the
end of the RF pulse (r\ = 0.2; PRF =
430 kW; ne0 = 1.5 X 10i4 cm~3).

FIG.3. Te(r) derived from Thomsonscattering measurements with and
without RF (n = 0.2; PRF = 440 kW;
ne0 =1.5X1014
cm'3).

with a corresponding value of ^ 0 . 5 W cm" 3 for the central power deposition on
the ions. Bolometric measurements show the total radiated power to increase
from 90 kW before the RF up to 170 KW at the end. UV spectroscopy detects large
relative increase of the heavy impurity lines : at maximum RF power, the Ni
XVIII lines emission increases by a factor 5.
On the basis of these data, Table II compares, for two typical
experiments without and with RF, the values of the heating power, the ion and
electron thermal energies (obtained by integrating the experimental data over
the plasma volume at the end of the RF) and the rate of thermal energy increase
on the axis at the beginning of the pulse (dW/dt) 0 , deduced from the initial
rate of increase of 2 w c e , soft X-ray and neutron signals.
TABLE II

without and with RF
Without RF
Ohmic power

kW

RF power

kW

Electron thermal energy

kJ

Ion thermal energy
(dW/dt) 0

Wcm

Peak ohmic power

W-cm

420

WithRF
335
440

6.3

7.8

5.A

7.3

2.9

2.2

1.4

Let us assume the initial rate of increase of the thermal energy on
the axis (Table II) can be identified with the local power deposition, and
insert this value into the simple local code of temperature evolution described
previously [3]. We shall use the experimental values of 0.9 and 0,5 W.cm~3 for
the power coupled to the electrons and ions (H or D ) , and the initial value of
2.9 W.cm~3 for P Q , preserving the energy containment time derived from T ¿ 0 and
T e o in the initial ohmic plasma. Fig. 2 then shows a correct simulation of the
experimental T e o (t) and T D
(t) is obtained, this suggesting the central area
of the plasma is not appreciably perturbed during the RF by pollution or parasitic effect.
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However, in contrast with this good local efficiency, Table II also
shows that, while the total heating power grows from 420 to 775 KW (by 85 % ) ,
the thermal energy increases by 3.4 kJ, a relative increase of 29 % only.
A simple explanation for this difference between a RF heating efficiency comparable to the ohmic one in the center, but reduced on the total volume, would lie
in the hypothesis of a broad power deposition profile of the RF (as for instance
a uniform power deposition profile of 1.4 W-cm-^ over a cylinder 13 cm in radius).
This would clearly be a less favourable situation than the one resulting, for
ohmic power, from the toroidal current distribution. Computing the plasma current
profile from the resistivity distribution leads to a much sharper profile for
Pfi than the one suggested here for the RF : 335 KW for ?Q corresponds to 2.2 W-cm"
as compared to 1.4 W-cm~3 for 440 KW RF power. But no theory presently allows
even an estimate of the RF power deposition profile in a tokomak in the ICRF.
On the other hand, the simulation presented in fig.2 shows that the
observed evolutions of T e o and T£ 0 require the RF power to be coupled to both
the ions and electrons, as qualitatively expected from theory. Coupling the RF
to the electrons only would be unable to justify the experimental initial slope
of T D o (t).
3.2. Case II: 40 kG, T? = < 0.05
With the wave conversion layer close to the w = w „ layer (less than
3 cm), one expects a large fraction of the RF power to be transferred to the low
density proton population, leading to a non-Maxwellian distribution for this
species. In contrast with case I,such a tail is actually observed by CX analysis
up to 10 keV with a slope corresponding, after a few ms of RF, to a tail
"temperature" of 1.8 keV. Equipartition with the D should now lead to a gradual
increase of the main ion population : measuring the neutron rate and the D CX
Teo
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FIG. 5. Te0 (from soft X-ray), TD0
(from neutron rate) and loop voltage
during a 400-kW RF pulse (rj - 0.03;
ns0
=1.5X1014cm~3).

spectrum actually shows such an increase of the initial T n (650 to 700 eV),
ATD reaching on the axis 250 to 300 eV (from CX), 150 to 200 eV (from neutrons)
after 20 ms RF. (dTn /dt), estimated from the rate of neutron increase, is higher
than in case I (20-25 eV/ma), but frequently T D decreases again before the end
of a 40-ms RF pulse (fig.5).
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T e evolution, on the other hand, is very different from what was observed in case I, the different diagnostics indicating a limited AT eo (< 100 eV)
and, as shown in fig.5,a much slower heating rate (dTeo/dt=¿5 eV/ms). In contrast
with case I, the loop voltage usually increases during the pulse (from 1.6 to
2.3 volts) while the total power detected by the bolometers grows from an initial
value of 180 KW up to 400 hW. This increase of the radiated power, twice as large
as in case I, is however not explained by a corresponding change in OVI or
Ni XVIII line intensity which appear comparable in the two cases. The origin of
the large increase of power loss calls for further investigations.
Let us now consider, in Table III, the heating power and the maximum
increase in thermal energy without and with RF.

TABLE III
M£§ËïD2_E2ïËE_§2Ë_£!iëEïïâi_Ê2ÊESZ_Î2E_l2iï_Eïoton_ë§n5itv. glasma,
wi thou t_and_wi th_RF
Without RF

With RF

Ohmic power

kW

411

510

RF power

kW

-

420

Electron thermal energy

kJ

6.6

7.3

Ion thermal energy

kJ

5.4

7.1

-

1.0

(dW0/dt)0

W-cm-3

The total power with RF is now 2.3 times larger than in the ohmic
case,while the thermal energy grows by only 20 % at an initial rate of
1.0 W-cm~3 on the axis : the heating effect is thus clearly less satisfactory
then in the first case.
It seems tempting to attribute the origin of these more modest performances to the very principle of the "minority heating" scheme which in these
conditions is expected to play a dominant role : fast H accelerated in the outer
layers of the plasma are imperfectly confined [8] and, by bombardment of the wall,
the limiter or the antenna, lead to an increased pollution, a cooling of the outer
regions and hence a reduced efficiency of heating. Several facts tend to support
this hypothesis :
Mass/energy analysis of the H distribution clearly shows a tail
which was not observed in case I.
In a few experiments made in particularly clean conditions of the
wall and low nH/nD, w c e and w c e diagnostics actually indicate a more significant
increase of Te than in the series described here.
As discussed at this conference [8], the probe signals attributed
to high-energy protons drifting along superbanana orbits in the antenna port are
much larger in these conditions than in case I.
An additional possible explanation would lie also in a broader power
deposition profile than in case I. Coupling 1.0 W-cm-3 on the axis for a total
RF power of 400-450 KW requires a rather broad profile for power deposition
(e.g. uniform up to r = 16 cm). CX measurements of the H distribution function vs.
radius support this assumption, indicating comparable tail "temperature" of the
protons up to a radius of 10 cm. Evaluating from Stix's theory [2] the power
required for explaining such a profile actually leads to nearly uniform RF power
density (from 0.7 to 0.5 W-cm-3) between the axis and r = 12 cm [4].
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4.

PLASMA HEATING IN LOW-DENSITY CONDITIONS

A series of experiments was done in lower density conditions at
eo = 5xlOl3Cm_3 with RF power between 250 and 400 KW and plasma current of 160 KA.
This investigation was, however, less systematic than the previous one and does
not allow unambiguous comparison between the high and low nH/nD conditions.
n

The main observations during these experiments were the following (fig.6).
- A large increase of n e 0 (Aneo/neo up to 50 %) and an important rise
of the impurity light (Ni XVIII reaching the same level as in the high-density
conditions). At a RF level of 350 KW, the radiated power deduced from the bolometric signals grows from an initial value of 100 KW up to 450 kW at the end of
the RF pulse, Abel inversion indicating a nearly uniform power emission around
0.7 W.cm~3 up to the limiter radius.
- An important rise of Ti. This was observed particularly in a series
of experiments at relatively low n H /n D (^10%) and medium RF power (SÍ 250 KW) .
CX measurements show T D o to rise from an initial value of 0.6 up to 1 keV while
the large increase in the neutron rate (up to a factor 50), corrected for the
change in density during the RF pulse, shows a similar 400 to 500 eV increase
of T Q 0 characterized by a steep initial slope, up to 100 eV/ms. Analysis of the
H distribution function shows an important tail corresponding to 2.5 to 4 keV
over a broad range of the plasma radius (up to r = 13 cm).
nBl(x«)'5cm
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FIG. 6. nel, Te0 (from 2coce radiation)
and TQ0 (from neutron rate) evolution
in a low-density plasma (ne =
5X1013cm~3;
PKF = 2S0kW, v = 0.10).

FIG. 7. Te (r) derived fro m 2coce
Michelson interferometry
(a) just before
and (b) after 20 ms RF in a lowdensity plasma /TRF = 350 kW).

a fast rise
With 0.1 < n < 0.2, T,
during the first 10 ms of the RF pulse, Thomson scattering confirming an important AT e o of about 300 eV above the pre-RF T e o of 2 KeV. However, after this
initial period, T e o frequently decreases during the RF pulse and drops below its
initial value. Analysis of the 2o)ce radiation by Michelson interferometry (fig.7)
shows shrinking of the temperature profile,indicating that in these conditions
the large increases in the temperatures are followed by an increased pollution
of the plasma, as also evidenced by spectroscopy, An e Q , bolometric signals and
increase of the loop voltage (from 1.7 to 2.3 V ) .
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CONCLUSION

The experiments made at 45 KG in a high-density D plasma containing
20 % of H so as to bring the hybrid layer near the center allow very encouraging
conclusions : the RF power coupled to the plasma is limited by the present capability of the generator and not by some unacceptable contamination by impurities
or some deterioration of the energy containment time. No change in the density
profile is noticed. Both ion and electron temperatures are increased by about
200 eV even though a substantial decrease of the ohmic power is observed during
the RF. It seems likely that using in these conditions the present all-metal
antennae and a suitable generator, up to 1 MW can be coupled through a single
port of TFR.
At 40 kG with the H level decreased to a few percent, much less
efficient heating of the electrons is observed. The observed H non-Maxwellian
distribution and a weak heating of the electrons are in agreement with the idea
the "minority regime" dominates the wave damping. However this absence of e
heating is not compensated by a higher heating of the D component than in the
first case. Increase of the loop voltage and the radiated power detected by the
bolometers tend to indicate in this case an increased interaction with the wall.
This might be due to the imperfectly confined high-energy protons or/and to a less
favourable RF power deposition profile than in the previous case.
In lower density plasma ( n e o = 5xlo'^cm - ^), ion and electron temperature increases between 300 eV and 500 eV are observed. Here,however, a large
growth of n e , impurity content and radiated power is noticed, indicating an
important increase of the interaction with the wall.
This programme will be extended at the end of this year by adding a
3-MW stage to the present RF amplifier.
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DISCUSSION
D.R. SWEETMAN: You said that because the minority heating scheme
feeds energy mainly into the perpendicular direction of the minority species
there is drift to the walls of the ripple-trapped ions and the release of impurities.
Do you see this as a long-term problem or is it peculiar to the present experiment?
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J. ADAM: The origin of reduced heating efficiency in the minority scheme
has not been identified unambiguously. It is not related to the ripple-trapped
ions which, according to the analysis by Equipe TFR in Paper IAEA-CN-38/N-5
at this Conference, are a problem only for very-low-field machines1. The
problem might be due to the fast protons being trapped in banana orbits and
hitting the limiter. If so, the situation will improve in larger machines with
better confinement properties than TFR and when launching antennae which
produce more localized power deposition are used.
J.G. CORDEY: You mentioned that the low efficiency of the heating was
probably due to the broad deposition profile. Is the physics of the broad
profile understood?
J. ADAM: Theoretical analysis of the power deposition profile has up to
now been made only for a flat geometry. Solution of the full problem in an
exact geometry is urgently required, especially in relatively small machines like
TFR where the wavelengths are comparable with the geometric sizes.

1

See also Paper IAEA-CN-38/D-4 in these Proceedings.
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Abstract
ICRH IN THE ERASMUS TOKAMAK AT POWER LEVELS EXCEEDING THAT OF OHMIC
HEATING.
Two hundred kW of ICRH power have been launched into the Erasmus tokamak, corresponding to up to four times the Ohmic heating power. Ion temperature increases of up to
250% have been obtained under conditions of mode conversion heating. The effect of titanium
gettering on the wall recycling and reducing the impurity influx during the RF pulse is
discussed.
1.

INTRODUCTION

Considerable progress has been made in recent years on R F heating in the
ion cyclotron frequency range of several present-day tokamaks [ 1 - 4 ] as a result
of technological advances and the improvement of theoretical understanding of
the underlying physics. In Erasmus, previous experiments have demonstrated
or confirmed various aspects of the role played by the two-ion hybrid resonance
* On leave of absence from Laboratorio di Cosmo-Geofisica and Université di Torino,
Italy.
** Permanent address: Faculteit der Toegepaste Wetenschappen, Rijksuniversiteit,
Gent, Belgium.
*** Chercheur agréé de l'Institut interuniversitaire des sciences nucléaires, Belgium.
Maître de recherches au Fonds national de la recherche scientifique, Belgium.
++
Fellow of CNPq, Brazil.
Bevoegdverklaard Navorser bij net Nationaal Fonds voor Wetenshappelijk Onderzoek,
Belgium.
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absorption of magnetosonic waves, in particular through studies of the ensuing
damping of toroidal eigenmodes [5] and of the localization of heat deposition [3].
The merits of using an all-metal antenna were also confirmed.
Here we describe recent high-power experiments in which up to 200 kW
have been coupled to the plasma, i.e. up to about four times the Ohmic heating
power. To this end, we developed an RF generator and the necessary RF hardware capable of delivering 500 kW reliably and economically. The coupling
properties of the RF antennae are found to be in agreement with theoretical
computations. The observed ion heating is consistent with the two-ion hybrid
theory, and its efficiency, while relatively low (up to 15%), is in accordance with
the rather poor confinement properties of Erasmus (B T = 3.6 kG; I p = 25 kA;
A = 2.6). The RF additional heating increases the recycling from the wall as a
result of bombardment of this wall by the energetic particles produced in the
heating process. The nature of this recycling is drastically changed by titanium
gettering of the vessel. The plasma behaviour under both non-gettered and gettered
conditions is presented. Even at 200 kW, no major perturbation of the plasma
equilibrium or stability occurs. However, at a power level of about the Ohmic
heating level (i.e. 4 0 - 6 0 kW), the RF pulse quite often produces a decrease in
density which in many cases, but not always, follows a mild disruption triggered
by or locked in on the RF pulse. The power level is not the only determining
factor, since either similar density drops or the absence of a drop can occur at
widely differing power levels. Note that, at the 200-kW power level, the magnetosonic RF field on the Erasmus axis amounts to B/B0 = 2.0 X 10~3. Apart from
this large field perturbation, the limitations of the Erasmus control field in
maintaining reproducibly well-centred discharges might also contribute to the
observed behaviour.

2.

RF SET-UP AND PLASMA LOADING

The launching system consists of two half-loop antennae symmetrically
placed with respect to the equatorial plane (Fig.l). Each antenna is of the allmetal type and consists of a short-circuited section of strip-line; it is electrostatically shielded by a double array of metal strips at the side and by a single
array on the inner side which faces the plasma. This inner part of the shield in
fact serves as the limiter of the plasma discharge (0 = 39 cm).
The power delivered by the generator (measured as in Ref. [3 ]) can be
written as P T = \ I A (R C + R s ), where I A is the sum of the two RF current
amplitudes. Note that the current along each antenna is nearly constant owing
to the small electrical length of the antenna at the low operating frequency of
4.6 MHz. R c is an equivalent series resistance accounting for all the losses in the
absence of plasma (tank, coupling circuit, antennae), and Rs is the series resistance
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FIG.l. Schematic diagram of RFgenerator
and hardware. Inset shows details of
antenna construction.

due to the plasma. The power effectively coupled to the plasma is given by
P H F = P T R S /(R S + R c ). The present experiments were performed with P j < 600 kW
and Pjjp < 240 kW, corresponding to a mean loading resistance during the RF
pulse of 0.15 £2 < Rs < 0.3 £2 at 500 A < I A < 1500 A and f = 4.6 MHz. The
input RF voltage at the antenna has reached 13 kV without encountering any
breakdown problem. The values of Rs quoted above pertain to deuterium plasmas
with a hydrogen minority concentration exceeding 15%. Below that value the
toroidal eigenmodes are not heavily damped [5] and their presence may produce
an increase in Rs of up to 0.25 £2.
These experimental values of Rs have been compared with theoretical
predictions. Under the conditions for which the toroidal eigenmodes are heavily
damped, a theoretical estimate of the loading has been made using a semi-infinite
slab model for the plasma and a ky expansion of the excitation. The antenna is
represented by two current tapes placed in front of a plane metallic wall, and the
plasma is treated as cold and inhomogeneous. A detailed account of this model
and its applications will be given in a forthcoming paper [6]. It is found that,
for a given geometrical configuration, density profile, co/coci-value and central
density, the loading resistance is proportional to the operating frequency.
Depending on the density profile, 0.2 £2 < Rs < 0.3 £2 is obtained for the Erasmus
conditions, and this agrees well with the experimental values. Application of
the same model to machines with a magnetic field ten times higher and with
comparable antenna dimensions gives, accordingly, Rs = 0 (5 £2), which again is
close to the observed values [ 1 ]. The variation of the loading resistance in the
presence of well defined toroidal eigenmodes together with probe measurements
allow an evaluation of the antenna coupling coefficient £ to the toroidal eigenmodes which was derived in an earlier paper [7]. It is found that the experimental
values of £ range from about 0.15 to 0.4 times the theoretical value.
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DETAILED DESCRIPTION OF PLASMA RESPONSE TO THE
RF PULSE

3.1. Non-gettered discharges
Figure 2 shows a summary of a typical response for a plasma containing
25% hydrogen and 75% deuterium into which about 170 kW are launched. The
data shown pertain to an average over about 60 shots. We observe an appreciable
ion temperature increase (by Doppler broadening of O V 2781 Â), an initial
electron temperature increase (Thomson scattering), followed by a drop before
the end of the RF pulse, an increase of Ohmic heating power (typically from
60 to 80 kW), and a drop in density (Thomson scattering and interferometry) at
the onset of the pulse. As mentioned in the introduction, the magnitude of the
density drop is not very reproducible. The density recovers and quite often
exceeds the value obtained without RF by the end of the pulse. This density
recovery is the result of an enhanced recycling which is accompanied by an influx
of impurities, as seen from the increase in O V impurity line radiation and from
an increase of Zeff from 2 to 5 which accounts for most of the OH power increase.

FIG. 2. Typical response of an ungettered
discharge to the injection of some 170 kW.
The gas mixture is 25% H and 75% D.
I p = 25 kA; BT = 3.6 kG; î = 4.6 MHz.
Plusses and broken lines refer to a shot
without RF; circles and solid lines are
with RF.

The initial electron temperature rise is mainly due to the decrease of n e , whereas
its subsequent drop is caused by the influx of the cold gas. Profile measurements
show a widening of the density profile during the RF as well as some peaking of
the electron temperature profile. The emissivity of the O V line during the RF
pulse peaks around r = 6 cm. The central ion temperature is about 10—25% higher.
The maximum ATj/Tj values achieved are about 2.5. Owing to the averaging
involved in the data and to the jitter of about 0.3 ms in the switching on of the
oscillator, some transient phenomena appearing in some individual shots tend to
be smoothed out on Fig. 2.
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3.2. Gettered discharges
The increase of the impurity content of the plasma during the RF pulse can
be limited by titanium gettering of the vessel. By applying appropriate gettering
procedures it is possible either to almost completely annihilate the wall recycling
(mode-A operation), in which case the density in the machine can only be
maintained by excessive gas puffing, or to limit the recycling to the D - H mixture
only (mode-B operation). The latter mode is achieved by submitting the wellgettered vessel walls (of mode-A operation) to an extended period of discharge
cleaning in D 2 prior to the plasma shots. The density is unable to recover from
an initial drop, if it occurs, in mode-A operation. In mode B, however, where
recycling is strong, it recovers from the drop but the impurity content of the
incoming gas is much smaller than in the non-gettered discharges.
150
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FIG.3. Typical plasma response in a
gettered discharge (mode-B operation).
Mixture, parameters and symbols are as
in Fig. 2.

FIG. 4. Laser scattering data of electron
density and temperature profiles pertaining
to Fig.3 at t = 7.5 ms. Plusses are without
RF; circles are with RF.

Figure 3 shows an example of the plasma response for mode-B operation
under RF conditions very similar to those of Fig.2. The density increases during
the RF pulse and there is no initial density drop in the example shown. The
electron temperature does not increase as it did in Fig.2. The influx of cold gas
is responsible for a marked peaking of the electron temperature profile as shown
in Fig.4, which is in turn responsible for most of the remaining increase in
resistivity (albeit lower than in the case of Fig.2) and Ohmic heating power.
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Z eff changes typically from 1.5 to (at most) 2.5. The O V radiation level is about
one third of that in the non-gettered case, while its increase during RF is about
half. In mode-A operation the temperature profile peaks less or not at all, while
the resistivity no longer increases or even comes down, especially when T e 0
increases as the density drops.
4.

ION HEATING RESULTS

Figure 5 shows AT:
versus P^p for non-gettered discharges. The average
heating amounts to about 0.25 eV - kW _1 while in gettered discharges we only see
0.16 eV'kW -1 . The difference could be attributed to the significantly different
Zeff behaviour which should result in an increased number of ions in the gettered
plasmas. These values correspond to the optimum ion-heating conditions obtained
when the two-ion hybrid conversion layer is localized in the centre of the discharges.
At the fixed frequency of 4.6 MHz this is obtained for a hydrogen concentration
of 25% of the total gas mixture. The hydrogen cyclotron frequency layer is then
situated 10 cm from the centre outwards. Changing the hydrogen concentration
from a pure deuterium to a pure hydrogen plasma moves the conversion layer
from +10 cm to —18 cm over the plasma cross-section, in which case the ion
temperature increase follows the behaviour shown in Fig.6. This result confirms
the basic role of the conversion layer in the two-ion hybrid heating scheme [1,3].
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FIG.5. Evolution of AT i 0 versus P H F for
a non-gettered discharge for a 25/75 H/D
mixture. B T = 3.6 kG; f = 4.6 MHz.

T

-i'o

IT

io

2b

LOCALIZATION OF
CONVERSION LWER (cm)

FIG. 6. Variation of the heating efficiency
fAT i 0 /P H F ) with localization of the mode
conversion layer. By changing the H
content from about 4% to 100% this
position is displaced over the plasma crosssection starting near the hydrogen cyclotron
layer (at 10 cm).

Perpendicular charge-exchange measurements reveal the existence of two
Maxwellian distributions. The component with the lowest energy is found to be
compatible with the results obtained from Doppler broadening. The scattering
in these results is rather large because of the signal-to-noise problems encountered
in the detection of particles having such low energies. The higher energy component
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is also Maxwellian with a temperature between 150 and 200 eV (Fig.7). Although
no mass discrimination is available, this component is conjectured to be constituted
by protons which form a high-energy tail following the mechanism described by
Stix [8]. While the temperature of these protons is only a weak function of the
RF power, their number seems to increase quite strongly with P H F ' a s s e e n m
Fig.7. The decay time of the CX-signal equals 0.3 ±0.15 ms.

5.

POWER BALANCE

From the ion temperature increase and decrease rates, the measured density
profiles and an assumed parabolic ion temperature profile, the power transferred
to the main ion population is found to amount to at most 15 kW out of 150 kW
injected power. The ion confinement time is equal to about 1.8 ms without RF
and 1.2 ms after heating at maximum power. The power necessary to maintain
the proton tail amounts to at most 7 kW, given the observed CX decay time and
assuming that no more than half the total number of protons are at the higher
temperature. Accordingly, the ion heating efficiency, i.e. the ratio of the power
required to maintain the energy effectively retrieved in the discharge to the total
injected power P^p, will be at most 15%. Three main loss mechanisms are
responsible for this rather low value:
(a) Because of the low plasma current (I p = 25 kA) and low aspect ratio of
our tokamak (A = 2.6), the minimum escape loss-cone energy E m i n in Erasmus
is extremely low: 400 eV or less. The losses due to unconfined banana particles
might therefore be very high [9].
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(b) Superbanana losses in the localized mirrors are evaluated to be two
orders of magnitude higher than in TFR [10], because of the much higher toroidal
drift velocity (scaling like 1/B) and the excessively high ripple resulting from the
particular construction of the Erasmus tokamak.
(c) Direct CX losses of the heated protons.
Considering the recent results on PLT where the ion heating efficiency
amounted to 33% for a D-H plasma in a machine where E j ^ attains 100 keV and
the ripple losses are considerably less, heating efficiencies higher than those
observed here would have been rather surprising.
In contrast with TFR [ 1 ], we have no clear evidence that the electron energy
content is increased directly via the RF wave. Preliminary bolometric measurements show a substantial increase of the radiation during the RF pulse which
might account for a significant fraction of the energy which is not retrieved in
the plasma.
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DISCUSSION
R. BEHRISCH: Did you also check whether there was an increase in metal
impurities as a result of the ICRF heating, especially Ti in Ti-gettered discharges?
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A.M. MESSIAEN: We did not look for metal impurities. Only carbon and
oxygen lines are monitored. The difference between the Z eff values for gettered
and non-gettered conditions is inferred from changes in resistivity.
E.S. MARMAR: In the non-gettered case, Zeff rises to a value of 5. If this
is due mainly to oxygen (which in your device should be mostly O ), the total
deuteron plus proton density would be only about 20% of the electron density.
What effects would you expect from the resulting changes in the heating regime?
A.M. MESSIAEN: The spectroscopic and X-ray measurements we made do
not enable us to specify oxygen as the only impurity contributing to Zeff or AZ eff .
We attribute the difference in heating efficiency between gettered and non-gettered
discharges to the difference in the ion density in the two heated states.
F.R. KOECHLIN: You obtain a smaller impurity release during the RF
pulse and a lower Zeff in the titanium-gettered discharges. I would just like to
mention that in TFR it has been possible to reduce the plasma impurity pollution
only by increasing the plasma density with gas puffing. This yields the best
results with RF heating as far as the total energy in the plasma cross-section is
concerned.

IAEA-CN-38/D-5-1

FAST-WAVE ION CYCLOTRON HEATING
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Abstract
FAST-WAVE ION CYCLOTRON HEATING IN THE PRINCETON LARGE TORUS.
Recent experimental results for ICRF heating in PLT are presented. For the two-ion
regime in D-H or D-3He plasmas minority H and 3He ions are found to absorb the RF power
and transfer it to the deuterons and electrons in accordance with Fokker-Planck theory.
The deuteron heating rate is ~3 eV X 1013 cm"3- kW for H and ~6 eV X 1013 cm"3- kW
for 3He minorities. Neutron fluxes of ~3 X 1011 s_1 corresponding to a Td ~ 2 keV
(ATd ~ 1.2 keV) have been produced with P R F « 620 kW at ïïe « 2.9 X 1013 cm -3 .
Neutron energy spectra and mass-sensitive charge-exchange spectra indicate Maxwellian deuteron distributions. In addition, D-3He fusion reaction rates 1>1012 s_1
have been produced by the energetic 3He ions. For the second-harmonic regime, initial heating
results for an H plasma at P R p « 140 kW are consistent with the Fokker-Planck theory, and
the bulk heating rate is comparable with that of D-heating in the D-H minority regime.
1.

INTRODUCTION

Fast wave heating in the ion cyclotron range of frequencies (ICRF) is being investigated in the Princeton Large Torus
(PLT) to evaluate its potential for heating reactor-scale
toroidal plasmas. Two basic heating regimes are of primary
interest: the two-ion and second harmonic regimes. In both
cases energetic ion distributions are produced which can be
well confined in PLT at higher current levels thereby facilitating efficient ion heating with minimal impurity influx. With
* On leave from Max-Planck Institut fur Plasmaphysik.
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proper control of the excited wave spectrum using multiple
antennae, the rf power can be deposited in the plasma core
which minimizes heating of poorly confined ions near the plasma
surface [1].
Half-turn loop antennae are being used to excite waves
from the low field side of the PLT plasma in keeping with the
expectation that low field excitation will be employed in a
reactor in order to facilitate loop or waveguide antenna design.
The waves then propagate to the damping zone in the core of the
plasma and in the case of sufficiently weak damping, form
poloidal eigenmodes dominated by m = 0,+l poloidal mode numbers,
and for still weaker damping, toroidal eigenmodes may exist.
For the results to be presented, wave excitation has been
at f = 24.6 MHz and f = 42 MHz. The lower frequency is suitable
for the two-ion regime [D-H, B^ a 16-32 kG; D-^He,
Bx ~ 24-32 kG] and the higher frequency for both the two-ion
regime [D-H, B¿ " 28-32 kG] and the second harmonic regime
[H, B^ « 14 kG; 3 H e , B * 21 k G ] .

2.

TWO-ION REGIME

In a plasma having two-ion species, the ion-ion hybrid
region is located between the fundamental resonance layers of
the individual ion species, and it can strongly affect the
wave damping and rf power distribution among the ions and
electrons [2,3]. For sufficiently small minority ion concentrations , most of the wave power is predicted to couple directly to the minority ions. However, when the minority
concentration is sufficiently large, fast waves incident from
the low-fieId side can be partially reflected and those incident from the high-field side can be partially mode converted
to ion Bernstein waves. Depending on the kn spectrum, the
mode converted wave can lead to direct electron heating through
Landau damping in addition to direct ion heating of both ion
species. However, for low field excitation, much of the wave
power which is reflected can be coupled directly to the minority ions when their cyclotron layer is on the low-field side
of the cutoff layer [4].
2.1.

H and

3

H e Minority Ions

Considerable attention has been given to the case of direct minority damping in PLT [4-6] where the minority fundamental resonance is at a lower magnetic field than for the majority; specifically H and ^He minorities in deuterium. For the
minority H case, the measured proton energy distribution has
been found to be consistent with Fokker-Planck theory [7]
including hydrogen charge exchange [5] and with wave absorption
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FIG.l. Deuteron temperature increase
as a function of RF power normalized
to the electron density. The RF power
ranges from ~ J 0 to 600 kW over densities
from h~e~1.0to 4.5 X1013 cm"3. Heating
is via ion-ion coupling with minority H
or 3He ions.

dominated by the minority species. Perpendicularly chargeexchanged protons have been detected for energies up to 80 keV,
demonstrating the expected improvement in energetic ion confinement for PLT. Also the proton distribution has been found
to be approximately isotropic up to -25 keV as determined by
angle-scanning charge exchange measurements.
The rf energy is transferred via the protons to the deuterons and electrons through ion and electron drag, respectively. Deuterium charge-exchange distributions are found to
be Maxwellian, indicating that second harmonic deuteron heating
is negligible. Deuteron heating via an H minority has been
observed at the rate of ~3 eV x10 1 3 cm~3/kw as indicated in
Fig. 1. [e.g., Td(0) = 600+1200 eV for ñ"e = 2 x lo 13 cm"3 with
Prf = 350 kW]. Significant electron heating has been observed
as well, the level depending strongly on the impurity radiation
from the plasma. Indeed, the radial power balance indicates
that approximately half of the rf power can be given to the
electrons and subsequently lost via radiation in agreement with
bolometry and spectroscopic measurements [4].
The introduction of 3He serves to further test the heating
characteristics and to permit operation with the 24.6 MHz source
at higher magnetic fields and plasma currents for improved confinement. The power deposition into a 3He minority is similar
to that for a hydrogen minority with the added feature that the
deuterium second harmonic layer is no longer degenerate with
the 3He fundamental layer. According to Fokker-Planck theory[7],
for a given rf power, electron density, and density attributable to minority ions, the 3He distribution is more strongly
coupled to the bulk ions than for the proton minority case
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deuterium temperature for the 3He
minority case; P^p « 620
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shaded region indicates the duration of
the RF excitation. Inset shows highresolution neutron energy spectrum with
the expected Doppler width of a
2-ke V plasma.
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since there are fewer JHe particles with energies above the
critical energy where electron drag dominates. In addition,
^He charge exchange losses are negligible. Thus the efficiency
of deuterium heating should be considerably improved. In fact,
the deuterium heating rate is approximately doubled to
~6 eVx 10^3 cm~3/kW as shown in Fig. 1.
At the highest rf powers (-600 kW), the thermonuclear neutron flux is increased by more than a factor of 100 to
~3 x 10Ü n/sec while T^ increases by -1.2 JceV to give T^
approaching -2 keV in comparison to a T e of -1.2-1.4 keV
(Fig. 2). Collimated neutron energy spectral measurements in
the direction of the plasma current [8] reveal that the
2.45 MeV d-d reaction energy is unshifted, indicating the
reacting deuteron pairs have a negligible directed velocity.
Moreover, the width of the neutron emission peak is consistent
with the expected Doppler width for a 2 keV plasma which
implies no significant deuteron tail is present. The mass
sensitive perpendicular charge exchange spectrum also indicates
a Maxwellian deuterium population and T¿ - 2 keV. The neutron
emissivity has been found to be toroidally uniform from activation measurements of In foils [H^In (n,n') 115min (4.5h)
Inll5] placed on the PLT vacuum vessel. This result indicates
that local excitation and trapping of energetic deuterons near
the antennae is negligible.
Due to the low cross-section for -*He charge exchange,
direct measurement of the % e energy distribution has not
proven to be practicable. However, indirect evidence of the
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production of an rf driven energetic distribution has been
obtained by detecting d(^He,p)a reactions using two separate
diagnostic techniques. First, activation of titanium samples
by energetic protons (threshold > 5 MeV) has been observed
by measuring the presence of 4 8 V produced by ^ T i (p,n)
48
V (16d) 48 Ti reactions followed by decay. Secondly, time
resolved measurements of the 14.7 MeV proton emission have
been obtained with a silicon surface barrier detector located
in the horizontal midplane just outside the plasma limiter
boundary (Fig. 3). A stainless steel foil 0.3 mm thick has
been used to limit detection to protons with energies greater
than ~10 MeV and the detector has been calibrated using deuterium neutral beam injection into a plasma containing
deuterium and 3 He.
As indicated in the case of Fig. 3, the energetic proton
emission can be considerably greater than the neutron emission
when energetic ^Ee is produced. A d-^He reaction rate of
~l-2 x10 1 2 sec"! has been observed at P r f ~ 300 kW, indicating
a reaction weighted average energy in the range of 50-60 keV.
Furthermore, this rate implies a fusion energy multiplication
Qd~3He ~ 2 x 10"^ which is within a factor of five of the Q¿_¿
obtained with 2.5 MW D°->-D+ neutral beam injection on PLT [9] .
The neutral beam neutron emission level is ~103 times larger
than for the rf heating case, indicating the attractiveness
of the 3He minority regime for advanced fuel reactors.
2.2.

D Minority Ions

For a D minority in an H or 3He plasma the minority fundamental resonance is at a higher magnetic field than for the
majority. Also, the majority fundamental resonance can be
placed outside the plasma when the minority resonance is near
the plasma axis. Thus the penetration of fast waves from the
low field side to the vicinity of the minority resonance can
be impeded both by two-ion hybrid mode conversion (with the
associated cutoff) and the usual slow wave mode conversion
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FIG. 4. Neutron em issio n fro m H-D
plasmas with deuterium minority
concentrations of 10% (•) and 5% (I).
The RFpower (~450 kW) and the
electron density (h~e = 5 X 1013 cm'3)
have been kept constant for the two cases,

encountered in the surface of the plasma when the frequency is
less than the majority cyclotron frequency. That there is such
an impediment is clear as revealed in Fig. 4. The neutron
emission and deuteron tail formation by the rf exhibits a rapid
onset with respect to a relatively small change in D concentration. It is suspected that the dominant effect is due to
the transition from the two-ion mode conversion (without neutron
production) to the direct damping case (with neutron production).
In any case, the lack of significant neutron production in the
case where mode conversion is predicted to occur shows that
deuterium tail production can be negligible in contrast to the
H minority case which exhibits strong proton tail production
well into the predicted mode conversion regime.
2.3.

Two Ions with Comparable Concentrations

Even for 50/50 D-H mixtures, strong proton heating is
observed when the magnetic field is adjusted so that the plasma
center is at or between the hydrogen fundamental and the twoion hybrid layers. Deuteron heating remains consistent with
ion-ion coupling with the protons with no significant direct
deuteron heating being indicated. However, electron heating is
observed over this magnetic field range even when the energetic
proton component is small. This suggests the occurrence of
electron Landau damping either directly or via mode conversion.
Some of these results are in apparent disagreement with previously published wave deposition models for the 50/50 case
[2,3].
3.

SECOND HARMONIC REGIME

Initial heating results for the second harmonic regime have
been obtained in hydrogen with a single coil excited at
f = 42 MHz. An ion energy distribution consistent with
Fokker-Planck theory [lo] has been observed out to ~60 kev. as
shown in Fig. 5. The bulk heating estimated between 1.5 keV
and 5 keV is sizeable even at moderate power levels as indicated.
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FIG.5. Charge-exchange measurement
of the proton distribution produced by
second-harmonic heating of a hydrogen
plasma (aJ ff= 42 MHz, B$ = 14 kG,
ñe**1.7X
1013 cm'3, PRF « 140 kW)
and the time evolution of the bulk
hydrogen temperature (b) (for the
1.5-5 keVenergy range). Both masssensitive perpendicular charge-exchange (•)
and angle-scanning near perpendicular
charge-exchange ( A ) data are shown.

Note that even this conservative estimate of the energy added to
the hydrogen ions gives a heating rate of -3.5 eV xlo^ 3 cm~3/kW
which is comparable to that achieved in the D-H two-ion regime
(Fig. 1). The results clearly show that the ion distribution
does not run away but exhibits a distribution similar to the
minority heating regime except that the bulk population is
increased and the tail population decreased, consistent with the
complete Fokker-Planck theory including large Larmor orbit
effects.
Mode tracking appears not to be essential for the second
harmonic regime in PLT. The loading exhibits moderate to low Q
modes which provide adequate coupling throughout the rf pulse.
This reult can be attributed to the influence of the ion
Bernstein wave on the second harmonic damping in a fashion similar to that at the two-ion hybrid layer. The theory indicates
that the damping for the conditions of Fig. 5 should be -1/3 of
that predicted for direct minority damping in the two-ion D-H
regime with the same plasma temperatures and electron density.

102
4.

HOSEA et al.
CONCLUSIONS

The PLT ICRF heating results for both the two-ion heating
and the pure second harmonic heating regimes indicate efficient
energetic ion formation with subsequent bulk ion and electron
heating. These results are predicted to scale favorably to
higher power, higher density conditions, and the prospects for
utilizing ICRF heating in next generation devices (TFTR, etc.)
and ultimately in reactors are very promising. Based on the
current experimental results, several scenarios using two-ion
heating and second or higher harmonic heating in future devices
have been developed theoretically with emphasis directed towards
regimes where waveguide (cavity) excitation is feasible. The
various possibilities can be classified into heating of two-ion
component plasmas and of three-ion component plasmas.
In T-D or D-3He mixture plasmas, loop antennae will be
required if fundamental cyclotron heating of one species is
employed. However, for second harmonic heating of D or 3 H e ,
the excitation frequency is sufficiently high so that waveguide
coupling is possible (BA = 50 kG, 2Ü)C¿[ = 76 MHz,
2<JOC3H = 100 MHz) . Third harmonic heating of deuterium for
reactor plasma parameters is found to exhibit wave absorption
comparable to the present PLT second harmonic hydrogen case
and affords the possibility for further reduction of the size
of the coupling structure.
The minority heating regime can also be used in future
devices via small admixtures of H and/or He in D-T or D- He
plasmas. In these cases, fundamental and second harmonic
heating of H is possible with waveguides whereas second harmonic heating of the 3 He minority will likely be required.
Finally, the T-D-^He regimes are of particular interest in
light of the l=arge 14.7 MeV proton reactivity in the rf driven
plasma. With adequate confinement of these protons in a reactor,
the rf power can be used to provide efficient burning of the He
and possibly permit the alternative D-3He fuel cycle to be
employed with a considerable reduction in neutron activation.
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Abstract
HIGH-EFFICIENCY ICRF HEATING EXPERIMENT IN DIVA.
In the ICRF heating experiment in DIVA, the high-efficiency majority heating (70% of
the RF power into the majority deuterons and 30% into the minority protons with a heating
efficiency of 80%) has been demonstrated. The following heating characteristics were clarified:
(1) Both majority and minority heating are realized by selecting a proton-to-deuteron density
ratio e ; (2) the parameter dependences of the ion temperature increase associated with
majority heating are well explained by the mode conversion theory; (3) the Faraday shield
increases the heating efficiency by a factor of 2.3; (4) the behaviour of the RF-heated ions is
well explained by neoclassical transport with an anomaly factor of three, even when the input
power density on the plasma axis is 10 times larger than that for Ohmic heating.

1.

INTRODUCTION

High-efficiency ICRF heating in the two-ion hybrid regime
[1] has been investigated in the divertor-tokamak DIVA [2],
The first wall of DIVA was thoroughly flushed by titanium.
Extremely pure plasma was obtained, i.e. Zeff*l«
We dealt with a deuteron plasma with a minority proton
component. The frequency was 25 MHz, which is a second-harmonic
cyclotron frequency of deuteron with a toroidal magnetic field,
B-j = 16.4 kG. The antenna was placed in the low-field side of
the torus. It was made of a half-turn copper strip, 10.4 cm in
radius, encased in a ceramic cover, which was protected by a
pair of molybdenum guard limiters from direct contact with the
plasma.

* On leave from Tohoku University, Sendai, Japan.
** Deceased August 26, 1979.
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In the ICRF heating, it is of paramount importance to know
the ratio of the RF power to each species and its radial deposition profile. These problems, however, are not fully understood
in theory and experiment, as yet. It was reported that the
heating power goes mainly into the minority component even for
sufficiently high minority concentration ratio (~15%) in PLT [3],
and that it goes into minority protons for small n^/n^ (~2%)
and into electrons for high n^/n^ (~20%) in TFR [4].
We examined in detail the dependence of the charge-exchange
neutral energy spectrum on B-p and £ p (= n^/n^) over the range
of 12 £ B T £ 20 kG and 2 < £ p < 40% [5]. £ p was measured
spectroscopically during the RF pulse. It was shown that both
minority and majority heatings were realized by selecting £ p .
In addition, the dependences of the heating on B-p and £ p were
well explained by the mode conversion theory [6].
In the early experiment [5], we obtained the ion heating
efficiency, r\j_ (= P rf^ P Net^ .^ ^ ^ even for the optimum majority
heating conditions, where P1,. and P N e t are, respectively; the RF
power absorbed by ions in the plasma core and one excluding the
circuit loss. In that case, a Faraday shield was not used.
Later, a full Faraday shield was installed to cancel the
potential gap between the antenna and the wall (the photograph
of the Faraday shield is shown in Ref.[7].) As a result, the
heating efficiency has increased by a factor of 2.3. The
central temperature of bulk ions increased from 160 eV to 430 eV
in application of P^et = Ü 5 kW with the heating efficiency of
80%.
The present paper will summarize these results and discuss
the power balance.
2.

MAJORITY AND MINORITY HEATING

2.1

Experimental Results

Figure 1 compares charge-exchange neutral spectra for the
cases of (a) £ p <, 5% and (b) £p = 5~10%. The other parameters
and the RF net powers were almost same in these cases, i.e. the
average electron density n e - 3.5x 10 1 cm - , the base ion temperature T-¡_0 - 160 eV, the base electron temperature T e o ~ 330 eV,
the plasma current I p = 33 kA and B^ - 18 kG. The Faraday
shield was not used in this experiment. These spectra were
measured by the analyser which was not capable of massdi scrimination. So they contain both contributions from deuterium and hydrogen.
It is shown that a remarkable high-energy tail was built up
for £ p £ 5%. It is quite natural that we assume the origin of
the high-energy tail as the minority protons. On the other
hand, for £ p = 5~10%, a high-energy tail became very small, but
the slope of the bulk component in the range of 0.5-1.5 keV was
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FIG.l.
Charge-exchange neutral spectra indicating (a) minority heating and (b) majority
heating; o with RF, • without RF.

rather larger than that of the case of £ p <¡ 5%. The results
indicate that majority heating is dominant for e p = 5~10%,
while minority heating for e < 5%. Increases of the electron
temperature were within 10% in both cases.
The critical values of £p for the mode conversion and for
the maximum proton damping are given in Ref.[9]:

S T —
e H 2

2

4

2

2

(^) s.(f+ sz )
£r, =

for the mode conversion

tBdsz(4 + s z ) < J + s z > / 4 ^

(1)

(2)

for the maximum proton damping

where S = kc/oOpj), with O0pj) the plasma frequency in deuterium
and k.£ and k(i are wave numbers along the toroidal and total
magnetic field, respectively. These critical values are calculated to be 4~7% for the mode conversion and ~ 2 % for the
maximum proton damping, using the measured value of k% ~ 0.15 cm'-l
[6] .
This provides theoretical evidence for our experimental
results. It has been confirmed that the majority heating occurs
when the condition of the mode conversion is fulfilled.

2.2

Comparison with the Mode Conversion Theory

It was shown that the majority heating was sensitive to
£p and B ^ i n Ref.[5].
This parameter dependence was well
explained by the mode conversion theory [6].
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FIG.2. (a) Model of the wave power flow. aQ = e~2n(l - e~2n), ax = e~2rt and a2 = (1 -e~2ri)2
are coefficients of absorption, tunnelling and reflection, respectively, for the wave incident
from the lower-field side. b0 = 1 - e~2r) and by = ax are, respectively, the coefficients of
absorption and tunnelling for the wave from the higher-field side, j- is the effective power
reflection coefficient at the plasma periphery, (b) Increase of bulk ion temperature divided
by RF net power, ATj/Pj^et, versus proton-to-electron density ratio, nfj/nQ. Solid lines are
total power absorption coefficients P¿ j = (a0 + a \b<s%) I (l-a-i\-a\b\£)
derived from the
above model. They are normalized to their maxima.

The excited fast wave is converted to the ion Bernstein
wave near the two-ion hybrid resonance layer. The ion Bernstein
wave is strongly damped by the plasma particles via ion cyclotron
resonance and electron Landau damping. Therefore, we can
estimate the power absorbed by the plasma as that transferred
from the fast wave to the ion Bernstein wave, using the Budden
tunneling parameter r| [10]..
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When the proton-to-electron density ratio n^/n e is much
smaller than unity, n is given as follows'.

^^IL-JLI»

(3)

8 + 6S2
where R and c are respectively
major radius and speed of
light. Figure 2(a) shows the power flow schematically for the
fast wave incident from the lower-field side. Some of the wave
power is absorbed and the rest of the power is tunneled through
or reflected near the two-ion hybrid resonance layer, and goes
to the plasma periphery where the power is again reflected back
to the plasma center with the effective power reflection
coefficient E,.
Figure 2(b) is an example of the comparison between experiment and theory. The increases of the bulk ion temperature ATi
divided by the RF net power are plotted as a function of the
proton-to-electron density ratio. The solid lines are the
total absorption coefficient calculated on the basis of the
above model with the parameter £. These curves are normalized
at their maxima. Experimental results and calculated ones are
in agreement with each other when £ = 0.8-0.95, which is consistent with the one derived from the measured wave power evolutions
in the toroidal direction [6]. The B^-dependence of the heating
and the wave amplitude is also well explained by the above model.
We can conclude that the optimum heating conditions for the
lower-field excitation are to select r) to be -0.5, for which
the total power absorption coefficient takes the maximum value,
and to adjust Bj so as to locate the two-ion hybrid resonance
layer near the plasma center. In our case, £ p = 5~10% and
Bf = 17.5~18 kG corresponding to the optimum heating conditions.

3.

INCREASE OF THE HEATING EFFICIENCY

The equivalent antenna loading impedance R s is divided
into three components :
R s = Ri + R 2 + R c
R x , R 2 and R c are impedances related to
core heating,
surface heating and
circuit loss, respectively. The surface
heating is due to the acceleration of plasma particles by the
potential gap between the antenna and the wall as well as to
the direct wave heating if the wave has a large damping decrement in the surface. We can write the heating efficiency r^ as
R 1 / ( R 1 + R 2 ) . Therefore, reduction of R 2 is necessary to improve
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FIG.3. (a) Bulk ion temperature increase, AT¡, versus RF net power, P^jet> with and without
the Faraday shield, (b) Boundary electron temperature increase, àTeb, versus Pj\[et, with and
without the Faraday shield.

the heating efficiency. The Faraday shield played an important
role for this purpose. The loading impedance was reduced from
6~7 Q, to 2~3 Q. by using the Faraday shield.
Figures 3(a) and (b) show increase of the central ion temperature AT¿ and that of the boundary electron temperature AT e b,
versus Pflet f ° r t n e c a s e s with and without the Faraday shield.
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The proportional coefficients are written as
R

i

AT • œ R 1 2 =
P
1
Ie
R„ - R„ Net
(4)
R
AT eb
. oc R 2T*c = R s -2 R c

Net

where I is the antenna current.
From the ratio of the proportional coefficients between the
cases with and without the Faraday shield, one can evaluate the
heating efficiency:
u(l-v)

n• =
1

n,1 =

U - V

(5)

1 - v
U - V

where u and v are respectively the ratio of the proportional
coefficients of ATj_ and AT e ^, and the prime denotes the quantity
without the Faraday shield.
We obtain r)± = 61-85% and r)[ = 27-33% for B T = 17.5-18 kG
and £p = 5~10%. Thus, the Faraday shield increased the heating
efficiency by a factor of 2.3. In spite of the limited data
with large error bars for the case without the Faraday shield,
the result r)î = 27-33% is reasonable in comparison with the
one derived from the decay of the ion temperature [5], It will
be shown that m agrees well with that evaluated with a 1-D
tokamak simulation code in the next section.

4.

POWER BALANCE IN THE OPTIMUM HEATING CONDITIONS

Figure 4 shows the charge-exchange neutral spectra for the
optimum conditions, i.e. £ p ~ 9%, B^ = 17.5 kG and with the
Faraday shield. Although this is the majority heating case as
is shown in Fig.1(b), a significant high-energy tail appeared
since the effective RF power increased by a factor of three from
that in Fig.l. The spectrum is well separated into the deuteron
and proton components as is shown in the figure, using a onecomponent Maxwell distribution for deuterium and the
steady-state solution of the Fokker-Planck equation derived by
Stix [8], for hydrogen. We obtain T Q - 430 eV and the average
proton temperature < Tjj > - 740 eV from the spectrum.
Heating power densities to each species are determined from
point-model power balance equations including the collisional
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FIG.4. Charge-exchange neutral spectra for majority heating averaged over the last 2 ms of
the R F pulse shown in Fig.5(b). The deuteron temperature was determined in the energy range
of up to 1.5 keV, where the contribution from the proton component was negligibly small.
The theoretical curves for hydrogens are for Te = 330 eV, ne= 7 X 10n cm'3, Zeff = 1 and
a local heating power density of (P)= 1.3 W- cm~3.

power transfer between each species and the neoclassical thermal
conduction in the plateau regime. The thermal conduction is an
order of magnitude larger than the other loss channels such as
the ion-electron power transfer and the charge-exchange loss in
the present conditions. The results are p^L ~ 7.5, p*L~3.5,
PHe~0"^' P H D ~ 1 * ^ - ^/cm 3 where p^ e and p ^ are power densities
transferred from protons to electrons and deuterons, respectively. The ratio p*^/'(p^f + pîL) is about 0.7. The increase
of the electron temperature was within 20%, which is fullyexplained by the ion-electron power transfer.
Figures 5(a) and (b) show the radial profiles and time
evolution of the ion temperature, respectively. The solid
lines are results of the computer simulation. The ion heat
conduction coefficient is taken to be neoclassical in the
plateau regime with an anomaly factor of three. The electron
heat conduction and the particle diffusion are assumed to follow
the Alcator scaling. We further assume a rectangular power
deposition profile with a radius of 3 cm for the majority
deuterons. Presence of the proton component is ignored for
simplicity. The contribution of protons to the deuteron power
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FIG.5. fa) Radial profiles of ion temperature obtained by combining data of the chargeexchange neutral, the impurity Doppler broadening and the multigrid energy analyser (Faraday
cup) at 11-12 ms; o with RF, • without RF. Solid lines are results of numerical simulation,
(b) Time evolution of perpendicular ion temperature measured by charge-exchange analyser;
o with RF, • without RF. Solid line is result of numerical simulation.

balance (about 10%) is included in the RF heating power to
deuterons. The radius of 3 cm is easily deduced from the consideration of the RF power density required to be balanced with
the thermal conduction loss. The heating efficiency is taken
to be 83%.
The simulation results agree well with the experiment.
The combination of the above assumptions is the only choice for
matching the simulation with the experiment.
In summary, in the optimum conditions, the majority
deuterons are heated mainly by the RF power (~90%) and partly
by the minority protons (-10%) with a heating efficiency of
80%. The RF power is concentrated in the central regions
(r ~ 3 cm). The transport of the RF-heated ions is well
explained by the neoclassical theory with the anomaly factor of
three even when the input power density is 10 times larger than
that in the Ohmic heating.
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DISCUSSION
ON PAPERS D-5-1 AND D-5-2
H. CONRADS: Ion temperature and neutron emission are steadily increasing
during the time the ICRF heating is on. In the results you presented I could not
see any saturation. I wonder whether you could give a value for the energy
confinement time.
J. HOSEA: The ion energy confinement time is typically 6 0 - 7 0 ms for
the discharges studied. Full saturation has been observed to occur in 120—150 ms.
For the ~100-ms pulses used in the present experiments the final temperature is
within ~10% of the saturated value.
B. COPPI: Did you estimate the efficiency of ICRF heating in your experiments, as Dr. Adam did for the TFR?
J. HOSEA: We have estimated the ion heating efficiency, observing that
~40% and ~80% of the power is delivered to the deuterons for H and 3He
minorities, respectively. Our power balance calculations indicate that the remainder
of the power goes to the electrons. The electron heating efficiency is closely tied
to the equilibrium state of the discharge, which is affected by the RF heating.
Thus, as in the case of Ohmic or neutral-beam heating, the electron heating
efficiency is reduced by the power loss through radiation.

115

Session £
REACTOR CONCEPTS AND TECHNOLOGY I

Chairman
S. MORI
Japan

IAEA-CN-38/E-1

STARFIRE - A CONCEPTUAL DESIGN
OF A COMMERCIAL TOKAMAK
POWER PLANT*
M.A. ABDOU, C.C. BAKER
Argonne National Laboratory,
Argonne, Illinois
D. DeFREECE, C. TRACHSEL
McDonnell Douglas Astronautics Co.,
St. Louis, Missouri
D. GRAUMANN
General Atomic Co., San Diego, California
J. KOKOSZENSKI
Ralph M. Parsons Co., Pasadena, California,
United States of America

Abstract
STARFIRE - A CONCEPTUAL DESIGN OF A COMMERCIAL TOKAMAK POWER PLANT.
Starfire is a conceptual design for a commercial tokamak power plant based on the
deuterium/tritium/lithium fuel cycle. The emphasis of the study is on the simplicity of the
engineering design, maintainability, lower electricity cost, and improved safety and environmental features. The reactor has a 7-m major radius and produces 1200 MW of electric power.
Starfire operates in a steady-state mode with the plasma current driven by a lower-hybrid RF
system. The plasma purity control and exhaust system is based on the limiter/vacuum concept,
which offers unique advantages for commercial power reactors. The blanket utilizes a solid
lithium compound for tritium breeding and pressurized water as the coolant.

1.

INTRODUCTION

A conceptual design (STARFIRE) for a commercial tokamak
power plant has been developed. The key technical objective of
the STARFIRE study is to develop an attractive embodiment of the
tokamak as a commercial power reactor consistent with credible
engineering solutions to design problems. STARFIRE is based on
the deuterium/tritium/lithium fuel cycle and is considered to be
the tenth plant in a series of commercial reactors. This paper

* Work supported by the US Department of Energy.
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describes the major features of the reference reactor concept and
presents a summary of the key conclusions derived from the study.
The details of the study are documented in Ref. 1.
The primary criteria for commercial attractiveness emphasized in the STARFIRE study are economics, safety, and environmental impact. In addition to experience gained from previous
design and systems studies in the United States and worldwide,
critical assessments and extensive tradeoff analyses were carried
out to guide the selection process for STARFIRE.

2.

OVERVIEW OF REACTOR CONCEPT

The major reactor parameters for STARFIRE are listed in
Table I. These parameters were derived based on results from
system analyses [2] to minimize the cost of energy subject to
constraints of physics, engineering and technology.
TABLE I.

STARFIRE MAJOR DESIGN FEATURES

Net electrical power, MW

1200

Gross electrical power, MW

1400

Fusion power, MW

3490

Thermal power, MW

4000

Gross turbine cycle efficiency, %

36

Overall availability, Z

75

Average neutron wall load, MW/m2

3.6

Major radius, m

7.0

Plasma half-width, m

1.94

Plasma elongation (b/a)

1.6

Plasma current, MA

10.1

Average toroidal beta

0.067

Toroidal field on axis, T

5.8

Maximum toroidal field, T

11.1

No. of TF coils

12

Plasma burn mode

Continuous

Current drive method

rf

Plasma heating method

rf

TF coils material

Nb3Sn/NbTi/Cu/SS

Blanket structural material

PCAa

Tritium breeding medium

Solid breeder

Wall/blanket coolant

Pressurized water

Plasma impurity control

Low-Z coating + limiter and
vacuum system + enhanced
radiation + field margin

Primary vacuum boundary

Inner edge of shield

Advanced austenitic stainless steel.
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FIG.l. Star fire reference design: cross-section.
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FIG.2. Starfire reference design: isometric view.
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The reactor cross-section is shown in Fig. 1 and the major
features are shown in the isometric drawing of Fig. 2. All superconducting equilibrium-field (EF) coils are located outside the
12 toroidal-field (TF) coils and 4 small segmented copper coils
are located inside for plasma stability control. The shield provides the primary vacuum boundary. Twelve shield access doors
are provided to permit removal of 24 toroidal blanket sectors.
A plasma burn cycle with slow startup and shutdown, consistent with steady-state operation, was developed. During the
breakdown phase, ^5 MW of electron cyclotron resonant heating
(ECRH) is applied. The limited OH coil system induces ^1 MA of
plasma current. The lower-hybrid rf drive is then applied to
gradually heat the plasma and bring the current up to the full
value of 10 MA. The length of the burn period is limited only
by the shutdown needs for reactor maintenance. The required
electrical power for startup and shutdown is low enough to be
taken off the grid with no need for electrical energy storage.
The plasma purity control and exhaust system is based on the
limiter/vacuum concept. The limiter consists of segments which
form a continuous toroidal ring at the reactor outer midplane.
The limiter concentrates the plasma impurities, including alpha
particles, and directs a fraction of the neutralized particles
into a slot behind the limiter. These particles are then pumped
through a vacuum plenum region between the blanket and shield into 24 vacuum ducts at the top and bottom of the reactor. Fortyeight cryosorption/cryocondensation pumps are used. Twenty-four
of the pumps are operated while the remaining 24 are rejuvenated.
The first wall/blanket is segmented toroidally into 24 sectors to permit removal between TF coils. The first wall and
structural material is PCA stainless steel that operates at ^425°C
maximum temperature. The first wall/blanket is cooled by pressurized water with inlet and outlet temperatures of 280°C and
320°C, respectively. This permits operation of the LÍAIO2 solid
breeder material within a broad temperature range to enhance
tritium release without sintering. A helium purge stream is used
to extract the tritium.
The first wall/blanket sectors also provide mounting for the
12 ECRH and 12 lower-hybrid waveguides, the fueling ports and
the limiter system. The waveguides and fueling ports are located
on the sector between TF coils. The first wall, limiter, and
waveguides are coated with beryllium to minimize the effects of
sputtered impurities on the plasma. The first wall/blanket,
limiter and waveguide assembly are designed for a 16 MW-yr/m2 life.
Blanket sectors are manifolded separately to permit leak detection and isolation.

IAEA-CN-38/E-1

123

The shield provides neutron and gamma-ray attenuation and
serves as the primary vacuum boundary for the plasma. The shield
is assembled from 12 sectors and 12 shield rings. Dielectric
breaks are located in 6 of the shield rings near the outer surface of the shield to limit the radiation dose to 10 1 0 rads.
3.

STEADY-STATE OPERATION

Theory and experiments indicate the possibility that toroidal
plasma currents may be maintained in tokamaks with noninductive
external momentum sources to the electrons. This suggests that
steady state may be an achievable mode of operation for tokamaks.
Steady-state operation offers many technological and engineering
benefits in commercial reactors. Among these are: (1) component
and system reliability is increased; (2) material fatigue is eliminated as a serious concern; (3) higher neutron wall load is acceptable; (4) thermal energy storage is not required; (5) the need for
an intermediate coolant loop is reduced; (6) electrical energy
storage is significantly reduced or eliminated; and (7) an ohmic
heating solenoid is not needed, and external placement of the EF
coils is simplified. It has been estimated that the combined
benefits of steady state can result in a saving in the cost of
energy as large as ^25-30%.
The penalty for steady-state operation comes primarily from
potential problems associated with a noninductive current driver;
in particular: (1) the electrical power requirements; (2) the
capital cost; and (3) reliability and engineering complexity of
the current driver.
In STARFIRE, a lower-hybrid rf system is utilized for the
dual purpose of plasma heating and current drive [3]. The rf
system has been designed for consistency with plasma physics constraints, and its components have been selected with the goal of
minimizing the electric power required to maintain the plasma current. The system has been analysed in the thermal, electrical,
magnetic and radiative environments of reactor operation and
appears to provide reliable performance.
The theory of lower-hybrid driven currents suggests a threefold strategy for reducing the power required for current generation: (1) minimization of the total plasma toroidal current I;
(2) generation of the current density j primarily in regions of
low electron density; and (3) transmission of a narrow wave spectrum with a low toroidal index of refraction. With these ends in
mind, we have surveyed the Grad-Shafranov equilibria appropriate
to STARFIRE. The absence of a large ohmic-heating transformer
permits the strategic location of equilibrium field coils and the
creation of an elongated (K = 1.6), highly triangular plasma.
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The most suitable equilibrium at a volume-averaged beta of 6.7%
has I = 10.1 MA with j peaked near the plasma surface. This profile is found stable to local interchange and ballooning modes,
but conducting blanket segments may be desirable in order to
stabilize the n = 1 kink mode. STARFIRE is designed to operate
at a high electron temperature (T e = 17 keV) and a low plasma
density (n e = 1.2 x 1 0 2 0 m ~ 3 ) , to further assure minimum rf power
requirements. For these parameters, and with the spectrum peaked
in the range n = 1.20-1.82, it was found that 63 MW of power at
1.4 GHz is dissipated in maintaining the equilibrium current.
The Brambilla theory of lower-hybrid wave launching from a
phased waveguide array has been employed to design the waveguides.
Under the assumption that the efficiencies of the tubes and rf
components can be modestly increased by a development program, it
is found that steady-state reactor operation could be sustained
with 150 MW of electrical power, as compared to the gross electric
plant output of 1440 MW.
The penalty associated with the lower-hybrid current drive is
^12-15% of the cost of power. Therefore, the choice of steady
state as the operating mode in STARFIRE results in a net saving in
the cost of energy of ^15%. Much larger savings are potentially
realizable if the performance of the lower-hybrid current driver
can be further improved or substantially better alternatives for
the current driver are developed.
4.

LIMITER/VACUUM SYSTEM

A serious effort has been made in STARFIRE to develop a
plasma impurity control and exhaust system that satisfies the
following goals: (1) have manageable heat loads in the medium
where the alpha and impurity particles are collected; (2) have a
reasonable and reliable vacuum system that minimizes the number
and size of vacuum ducts; (3) have a high tritium burnup to minimize the tritium inventory in the fuel cycle; and (4) have engineering simplicity compatible with ease of assembly/disassembly
and maintenance.
These goals are found to be best satisfied by a limiter/
vacuum system [4] together with a beryllium coating on the first
wall and limiter. The design, shown in Figs 1 and 3, utilizes
a toroidal limiter, centered at the midplane at the outer scrapeoff region, for concentrating the alpha particles diffusing out
of the plasma. The slot region formed between the limiter and
the first wall leads into a 0.4-m-high limiter duct that penetrates through the blanket and opens into a plenum region. The
conductance of the plenum region is large enough to permit locating the vacuum ducts in the bulk shield sufficiently removed from
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TABLE II. MAJOR FEATURES OF THE LIMITER/VACUUM SYSTEM
Helium production rate, s

1.24 x 10 21

1

0.75

Helium reflection coefficient, R
a
Hydrogen reflection coefficient, R^
Alpha-particle concentration (n /n__,)
Beryllium (low-Z coating) concentration (n^^/n™)
Toroidal-field margin at plasma center, T
Fractional burnup, tritium
Tritium inventory in vacuum pumps and fueling system, g

0.90
0.14
0.04
0.85
0.35
200
0.2

Scrape-off region thickness, m
Limiter (one toroidal limiter centered at midplane)
Structural material

Ta (Nb or V)
alloy

Low-Z coating material

Beryllium

Coolant

Water

Coolant inlet temperature, °C

115

Coolant outlet temperature (2 pass), °C

145

Maximum coolant pressure, MPa (psia)

4.2 (600)

Total heat removed from limiter, MW
(90 MW transport, 56 MW radiation plus
neutrals and 54 MW nuclear)

200

Maximum heat load (at leading edge), MW/m2

4

Coolant channel size
Wall thickness, mm

U

TWTH1

1.5

Maximum material temperature (coolant side), °C

215

Maximum material temperature (coating side), °C

330

the midplane that radiation streaming from the limiter duct in
the blanket to the vacuum pumps is acceptable. Monte Carlo calculations show that the main constraint on the vacuum system performance is the conductance of the vacuum ducts located in the
bulk shield (Fig. 1). Table II presents a summary of the major
features of the limiter/vacuum system.
In order to minimize the heat load to the limiter, most of
the alpha-heating power to the plasma is radiated to the first
wall by injecting a small amount of iodine along with the
deuterium-tritium fuel stream [5]. The helium removal efficiency
of the limiter/vacuum system is intentionally kept low (25%) to
ease the limiter design and to minimize the tritium inventory tied
up in the vacuum and fueling systems.
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The total heat deposited on the limiter is 200 MW with a
maximum heat flux of 4 MW/m2. Water is used as the coolant with a
maximum pressure of 4.2 MPa and an exit temperature of 145°C. The
heat from the limiter is used for feedwater heating in the power
conversion cycle. A detailed assessment of material candidates
that included radiation effects, thermal-hydraulics and stress
analyses was performed. Tantalum, niobium and vanadium alloys
appear to have the greatest potential as limiter materials. The
limiter is designed to accommodate the electromagnetic forces induced under plasma transient conditions.
This study shows that the limiter/vacuum concept is an
attractive option for the impurity control and exhaust system in
tokamak power reactors. Its main advantages are: (1) it does not
require magnets; (2) it has minimal impact on access and breeding
blanket space; (3) it dramatically reduces radiation streaming
problems; (4) the surface area available for particle collection
is relatively large and the heat load is manageable; and (5) it
permits higher tritium fraction burnup and lower tritium inventory in the vacuum pumps and fueling system. The limiter/vacuum
system is relatively simple and inexpensive and deserves serious
experimental verification.
5.

BLANKET AND ENERGY CONVERSION

The choice of coolant and the physical form of the tritium
breeding medium has a substantial impact on the design, operation,
maintenance, safety and economics of fusion power plants. The
promising coolant types are liquid lithium, molten salts, helium
and water. Liquid lithium offers unique advantages. It can
simultaneously perform the functions of tritium production, heat
deposition and heat transport resulting in a simple low-pressure
system. However, the potential safety problems associated with
the relatively large stored chemical energy in liquid lithium
systems provide an incentive for seriously examining other
options.
A major effort of STARFIRE has focused on the use of solid
compounds for breeding tritium. One of the difficult problems
with solid breeders is the development of an efficient tritium
recovery scheme to keep the tritium inventory in the blanket to a
low level. Periodic removal of the breeder appears to be an unacceptable option because it entails an intolerably high tritium
inventory that could reach ^40 kg/GW of fusion power for annual
replacement. Another approach for tritium recovery is continuous
circulation of the solid breeder. This approach presents very
difficult engineering problems in tokamak geometries. A nonmobile [6] solid tritium breeder blanket with in-situ tritium
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recovery appears to be the preferred approach. A low-pressure
(%0.1 MPa) helium is circulated through formed channels in the
highly porous solid breeding material.
A blanket utilizing continuous in-situ tritium recovery
from a solid breeder imposes significant design constraints [7].
The temperature must be high enough to permit the bred tritium to
diffuse out and yet not be so high that pore closure and sintering
occurs. Only LÍ2O and LÍAIO2 are predicted to have acceptable
(>200°C) operating temperature ranges for diffusion in ^1 ym grain
size. The calculated solubilty of tritium in LÍ2.O at a T2O partial pressure of 10""1 Pa in the helium is substantially in excess
of 100 wppm at temperatures of 600-1000 K. This solubility translates to >35 kg of tritium in the STARFIRE blanket. The calculated solubility of tritium in LÍAIO2 is ^10 wppm at the same T2O
pressure (10""2 Pa). Therefore, LÍAIO2 is selected for the
STARFIRE reference design.
Another difficult problem is that the most promising solid
breeders (the ternary oxides) require a neutron multiplier.
Beryllium is the best candidate but it has the problems of limited material resources and toxicity. Lead is a good neutron
multiplier but it has a low melting point. The problem appears
to be resolvable by using ZrsPb3 which has a high melting point
(^1400°C) and its neutron multiplication is adequate.
Tradeoff studies [8] comparing helium and water as coolants
were performed. The results show clear advantages for the use
of pressurized water for the STARFIRE conditions.

6.

ECONOMICS

Preliminary analysis of the economics of tokamak reactors as
exemplified by STARFIRE was performed. A comparison of the cost
of electricity generated by fusion (STARFIRE), fission (lightwater reactors with no reprocessing) and coal was carried out.
The busbar electricity cost consists of three components:
(1) the return on capital (fixed cost); (2) the operating and
maintenance (O&M); and (c) the cost of fuel. The percentage contribution of these three components varies substantially for the
three energy options as follows: (a) return on capital: 90%,
70% and 50%; (b) O&M: 10%, 5% and 10%; and (c) fuel: 0.1%,
25% and 40% for fusion, fission, and coal, in respective order.
Trends of the past decade indicate that the cost of fuel experiences a much higher escalation rate than the cost of labor, materials and construction. Table III shows the busbar electricity
cost for fusion, fission and coal as a function of the initial
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TABLE III. BUSBAR ELECTRICITY COST AS A
FUNCTION OF INITIAL YEAR OF OPERATION
(Fuel Escalation = 4% above inflation)
Initial Year
of Operation

Fusion

1990

74

62

69

2000

74

69

82

2010

75

80

101

2020

75

96

129

Fission

Coal'

year of operation for a 1200-MW(e) power plant assuming that fuel
escalation is 4% above inflation rate. It can be seen from the
table that new fusion plants will be economically competitive at
their first year of operation by the year 1995 compared to coal
and by the year 2005 compared to new fission plants.
An important finding is worth pointing out. The electricity
cost for a given power plant continues to rise from year to year
during the lifetime of a coal or fission power plant, while it
remains approximately constant for a fusion plant. This effect
is due to the larger increase in the annual cost of fuel for coal
and fission. Detailed economic analysis to estimate the levelized
energy cost, which accounts for the energy cost over the lifetime
of the plant, shows that fusion is competitive to fission (LWR)
and cheaper than coal for new plants constructed for 1990 initial
year of operation.
7.

CONCLUSIONS

The conceptual design of the STARFIRE tokamak power plant
demonstrates that fusion reactors can be developed to be economically competitive with attractive safety and environmental features. The cost of energy estimated for STARFIRE is comparable
to that of future fission light-water reactors and lower than for
coal power plants. No runaway accident that could pose a major
risk to the public can be identified for STARFIRE. The results
of the STARFIRE study clearly indicate new and important directions for the development of fusion reactors in general and tokamaks in particular to significantly enhance their potential as
power reactors.
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The greatest uncertainties in the economics of future tokamak power plants are in the areas of plant availability and construction time. These are crucially dependent on ease of assembly, ease of maintenance, and component reliability. Therefore,
simplifying the reactor design and improving component reliability
must be realized as important goals in developing tokamaks as
economical power reactors.
STARFIRE is designed to operate in a steady-state mode with
the plasma current maintained by lower-hybrid waves. Steady-state
operation significantly enhances the reactor potential of tokamak
with the specific advantages listed in Section 3. The lowerhybrid rf system appears adequate but its major disadvantage is
the relatively large recirculating power requirements (^10% of the
plant gross electrical power output). Much larger savings in the
cost of energy are potentially realizable with the steady-state
operation if the performance of the lower-hybrid current driver
can be further improved or substantially better alternatives for
the current driver are developed.
The impurity control and exhaust system is one of the most
difficult components in tokamak reactors. Divertors and divertless options were evaluated. It is concluded that the limiter/
vacuum system is an attractive option for power reactors, as discussed in Section 4.
The potential safety problems with liquid lithium led the
STARFIRE study to focus on blankets with solid tritium breeders.
In-situ tritium recovery schemes are the most appropriate for
tokamak geometries. Experimental information on tritium release
characteristics of solid lithium compounds in prototypical reactor conditions are needed. Pressurized water is found superior
to helium cooling for the STARFIRE conditions.
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DISCUSSION
F.L. RIBE: How do you arrive at the estimate of 10% recirculating power
for the RF current drive?
M.A. ABDOU: The details of the calculations can be found in Ref. [1 ] of
the paper. The minimum RF power required to achieve 10 MA of plasma current
is determined from a calculation of the lower hybrid wave propagation and
damping. For the Starfire density profile, the antenna must deliver 63 MW at
1.4 GHz with an index of refraction of 1.2 and a width of 0.62. Taking into
account the power lost to the sidebands (as a result of wave interference), we
can calculate that a total of 90 MW must be "absorbed in the plasma to give the
63 MW needed to drive the current. We use a Brambilla waveguide array and
crossed-field amplifiers. Allowing for all the losses in the RF hardware system,
we estimate that we need —150 MW of electrical power. This is about 10% of
the plant gross electrical output.
T. HIRAOKA: How did you estimate the life of the beryllium coating and
what was your result?
M.A. ABDOU: The primary mechanism for erosion of this coating is
sputtering. This is estimated to be ~0.1 mm per annum for the first wall. A large
fraction of the sputtered beryllium will end up at the limiter. Because of the
variation in temperature and density in the scrape-off region, the erosion of the
beryllium coating on the limiter is not uniform. There is also significant
redeposition. We predict that the lifetime of the first-wall coating will be roughly
the same as that of the structural material, which is about six years in Starfire.
However, we have also developed the capability of in-situ recoating. This can
be done each year during the 28 days of shutdown for normal maintenance of
the reactor and the power plant.
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Abstract

TANDEM MIRROR REACTORS WITH THERMAL BARRIERS.
Preliminary calculations of Q and magnet designs are presented for three different
versions of tandem mirror reactors (TMR) using thermal barriers to enhance plug potentials
by auxiliary electron heating. These three versions, called A-cell-barrier TMR, axisymmetricbarrier TMR, and inside-barrier TMR, exhibit reduced plug density (n p <5C 1019 m~3) and less
required magnetic mirror field ( B m j r r o r * 9 T) compared to TMR designs without thermal
barriers. A-cell barrier TMR Q's range from 5 to 25 depending on the central-cell length
(L c = 100 to 200 m) and peak centre-cell beta (3C (0.3 to 0.7) allowed by MHD stability.
Axisymmetric-barrier TMR Q's range from 14 at L c = 100 m to 30 at L c = 200 m, if peak
j8c = l.-From a global equilibrium model for the inside-barrier TMR, Q values greater than
15 are achieved for v = 0.5 in the modified Boltzmann relation for the plug potential. Even
higher Q's are obtained by using ECRF heating in the barrier to create a hot, mirror-trapped
electron population. TMR's burning D—D as a fuel have been analysed with a modified version
of the global-equilibrium model and under the assumption of an axisymmetric plug and barrier
stabilized by surface magnetic fields. High-barrier mirror ratio is now feasible (Rj, = 30-50),
and short barrier length permits QJJD values greater than 5.
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INTRODUCTION

Thermal b a r r i e r s [_lj can r e d u c e p l u g d e n s i t y , m a g n e t i c
f i e l d and power c o n s u m p t i o n i n tandem m i r r o r r e a c t o r s (TMR)
[ 2 , 3 ] ] , g i v e n MHD s t a b i l i t y a t a d e q u a t e b e t a i n t h e c e n t e r c e l l
and i o n t w o - s t r e a m and l o s s - c o n e m i c r o s t a b i l i t y .
Calculations
of c o l l i s i o n a l e q u i l i b r i u m and MHD and m i c r o s t a b i l i t y f o r t a n dem m i r r o r s w i t h t h e r m a l b a r r i e r s i s p r e s e n t e d e l s e w h e r e by
B a l d w i n , e t a l . £4J}. T h e r m a l b a r r i e r s a r e l o c a l i z e d d e p r e s s i o n s of f i e l d , d e n s i t y and p o t e n t i a l which r e d u c e t h e r m a l e n e r g y t r a n s f e r b e t w e e n p l u g and c e n t r a l - c e l l e l e c t r o n s , t h e r e by p e r m i t t i n g t h e p l u g e l e c t r o n t e m p e r a t u r e and p o t e n t i a l t o
b e g r e a t l y i n c r e a s e d w i t h a m o d e r a t e amount of e l e c t r o n
heating.
T h e r m a l b a r r i e r s can b e employed i n a v a r i e t y of TMR
magnet g e o m e t r i e s d e s i g n e d t o a l l e v i a t e p r o b l e m s o f c e n t r a l c e l l MHD b a l l o o n i n g i n s t a b i l i t y , c e n t r a l - c e l l r a d i a l t r a n s p o r t
due t o n o n a x i s y m m e t r y [_5J, r e m o v i n g t r a p p e d i o n s i n t h e t h e r m a l
b a r r i e r ( p u m p i n g ) , and p l u g l o s s - c o n e m i c r o i n s t a b i l i t i e s .
This
r e p o r t p r e s e n t s p r e l i m i n a r y c a l c u l a t i o n s by LLNL on A - c e l l b a r r i e r and a x i s y m m e t r i c - b a r r i e r TMR d e s i g n s , and by W i s c o n s i n
on i n s i d e b a r r i e r TMR d e s i g n s . T h e s e d e s i g n s d i f f e r p r i m a r i l y
i n t h e o r i g i n of MHD s t a b i l i t y and l o c a t i o n of t h e t h e r m a l b a r rier.
Each d e s i g n h a s u n i q u e a d v a n t a g e s and d i s a d v a n t a g e s ,
some n o t y e t q u a n t i t a t i v e l y a s s e s s e d , so a b e s t a p p r o a c h c a n n o t b e d e t e r m i n e d a t t h i s t i m e . However, a l l e x a m p l e s i n d i c a t e
i m p r o v e d TMR Q = ( c e n t r a l - c e l l f u s i o n p o w e r ) / ( p l u g + t h e r m a l
b a r r i e r i n p u t power) a t h i g h e r f u s i o n power d e n s i t y and lower
p e a k m a g n e t i c f i e l d a t t h e p l u g s t h a n f o r TMR's w i t h o u t t h e r m a l
b a r r i e r s f 2 , 3 l , a s s u m i n g MHD s t a b i l i t y a t c e n t r a l - c e l l b e t a
0 C > 0 . 4 and m i c r o s t a b i l i t y of i o n t w o - s t r e a m and l o s s - c o n e
modes.

2.

LLNL TMR DESIGNS WITH THERMAL BARRIERS

F i g u r e 1 shows a c r o s s - s e c t i o n a l view of t h e magnets a t
one end of an A - c e l l - b a r r i e r TMR (upper magnet s e t ) and an axis y m m e t r i c - b a r r i e r TMR (lower magnet s e t ) . Axial p r o f i l e s of
magnetic f i e l d , ion d e n s i t y and p o t e n t i a l for each case a r e
p l o t t e d adjacent to t h e i r corresponding magnet s e t s . A
s t r a i g h t , s o l e n o i d a l , c e n t r a l c e l l extends to the l e f t of each
plug-magnet s e t shown, connecting to an i d e n t i c a l plug s e t by
a c e n t r a l - c e l l ( l e n g t h L c ) chosen a c c o r d i n g to t h e d e s i r e d Q
and fusion power, Pf U sion*
Since thermal b a r r i e r s can improve
c e n t r a l - c e l l e l e c t r o s t a t i c confinement s u f f i c i e n t l y for fusion
a l p h a s to i g n i t e t h e c e n t r a l c e l l plasma [ l j , Q and P f u s i o n
can i n c r e a s e l i n e a r l y with L c for c o n s t a n t plasma p a r a m e t e r s .
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FIG.I. Cross-sectional view at one end of an A-cell-barrier TMR (upper magnet set) and an
axisymmetric-barrier TMR (lower magnet set). Axial profiles of magnetic field, B, ion density,
n, and potential, <p, are plotted below each magnet set and corresponding to the coil positions.
Neutral-beam injected hot ions are represented by the dotted curves in each case. Plots for the
axisymmetric case are shown for a field line through the central cell, away from the field null
on axis.

Note in both cases of Fig. 1 the thermal barrier i s located i n
a l o c a l minimum of ion density formed by neutral-beam i n j e c t i o n
off the midplane in a c e l l with a large m i r r o r - r a t i o , r e s u l t i n g
in off-midplane peaks in the injected sloshing ion d e n s i t y .
Also, peak p o t e n t i a l s confining c e n t r a l - c e l l ions are generated
by electron-cyclotron-resonance heating (ECRH) of warm e l e c trons potential-trapped in the outer s l o s h i n g - i o n density
peaks. Additional ECRH i n the thermal barrier creates mirrortrapped, hot electrons to enhance the thermal-barrier-potential
depression and minimize trapping of colder electrons passing
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i n t o t h e p o t e n t i a l p e a k s from t h e c e n t r a l c e l l .
Passing
c e n t r a l - c e l l i o n s t r a p p e d by c o l l i s i o n s i n t h e t h e r m a l - b a r r i e r
p o t e n t i a l w e l l s a r e c o n t i n u o u s l y pumped by c h a r g e - e x c h a n g e on
a x i a l l y i n j e c t e d n e u t r a l beams, b u t a t r a t e s a l l o w i n g s u f f i c i e n t f r a c t i o n s of c o l d , t r a p p e d i o n s t o s t a b i l i z e i o n t w o s t r e a m and l o s s - c o n e m i c r o i n s t a b i l i t i e s [ 4 ] ] .
While t h e r m a l - b a r r i e r - p l a s m a p a r a m e t e r s a r e s i m i l a r in t h e
two c a s e s of F i g , 1, MHD s t a b i l i t y d e r i v e s from good f i e l d c u r v a t u r e (minimum-| B| ) o f a s t a n d a r d y i n - y a n g m i r r o r c e l l i n t h e
A - c e l l b a r r i e r c a s e , w h i l e MHD s t a b i l i t y o r i g i n a t e s w i t h
m i n i m u m - | B | of a c u s p g e o m e t r y a t t h e ends of t h e c e n t r a l c e l l
i n t h e a x i s y m m e t r i c b a r r i e r c a s e [ 6 j . P r e s e n t i d e a l t h e o r y of
MHD b a l l o o n i n g [ 4 ] a p p l i e d t o t h e A - c e l l - b a r r i e r 1MR d e s i g n i n
F i g . 1 i n d i c a t e s a maximum^ s t a b l e , c e n t r a l - b e t a l i m i t ,
Pc < 0 . 2 5 (volume a v e r a g e Pc ^£ 0 . 1 5 f o r a c u b i c - r a d i a l - p r e s s u r e
p r o f i l e ) , but favorable finite-Larmor-radius e f f e c t s are neglected.
B e t a v a l u e s 2 t o 3 t i m e s h i g h e r would be a d e q u a t e .
The same MHD t h e o r y a p p l i e d t o t h e a x i s y m m e t r i c - b a r r i e r TMR
d e s i g n i n F i g . 1 i n d i c a t e s p e a k b e t a i n t h e a n n u l a r p l u g of
y3p > 0 . 2 5 , l i m i t e d by b a l l o o n i n g i n t h e a n n u l u s , f o r /? c =
0.75.
We e x p e c t t h a t i n c r e a s i n g t h e a n n u l u s r a d i u s would r a i s e
0p and 0C i n f u t u r e d e s i g n s . N e a r l y i s o t r o p i c c e n t r a l - c e l l
p r e s s u r e s h o u l d a l l o w s t a b l e e q u i l i b r i a up t o u n i t y /? c
on a x i s ( v o l u m e a v e r a g e /3C ~ 0 . 6 f o r a c u b i c r a d i a l p r o f i l e ) .
Axisymmetry a l s o e l i m i n a t e s r a d i a l t r a n s p o r t due t o n o n - c i r c u l a r d r i f t s [_5J. However, a x i s y m m e t r i c - b a r r i e r TMR's r e q u i r e
s u s t a i n i n g , t h e r m a l b a r r i e r p l u g s i n b o t h t h e r i n g and p o i n t
f l u x t u b e s f o r e l e c t r o s t a t i c c o n f i n e m e n t of c e n t r a l - c e l l i o n
p r e s s u r e i n t h e c u s p f i e l d n u l l s , which i n c r e a s e s t o t a l p l u g
volume by a minimum f a c t o r of a b o u t 1 . 5 .
A l s o , 50% of a l l
3.5-MeV a l p h a s ( a v e r a g e o v e r v o l u m e ) a r e l o s t , and 5% of a l l
DT i o n s h a v e d e c r e a s e d e l e c t r o s t a t i c c o n f i n e m e n t due t o n o n a d i a b a t i c i t y near the a x i s , increasing the p o t e n t i a l well
r e q u i r e d f o r g l o b a l i g n i t i o n by 25%.
S e t s of r a t e e q u a t i o n s c o u p l i n g p a r t i c l e and e n e r g y l o s s e s
i n v a r i o u s m i r r o r c e l l s are solved to e s t i m a t e the s t e a d y s t a t e Q of b a r r i e r TMR's. The p l a s m a m o d e l , t o o l e n g t h l y t o
p r e s e n t h e r e , i s e s s e n t i a l l y t h e same model a s f o r t h e p r o p o s e d
MFTF-B t a n d e m - m i r r o r e x p e r i m e n t \j~J> B o u n c e - a v e r a g e d F o k k e r Planck c a l c u l a t i o n s [V] a r e used to c a l i b r a t e formulas for t h e
t r a p p e d n e u t r a l - b e a m p o w e r , P p u m p , pumping o u t c o l d i o n s i n
t h e t h e r m a l b a r r i e r by c h a r g e - e x c h a n g e , and f o r t h e t r a p p e d
n e u t r a l - b e a m power, P s l o s h > m a i n t a i n i n g i n j e c t e d s l o s h i n g
ions.
F o r A - c e l l - b a r r i e r TMR's, an a n a l y t i c model £7^] f o r i o n
s c a t t e r i n g and d r a g d e t e r m i n e s t h e t r a p p e d n e u t r a l - b e a m p o w e r ,
I?MHD> s u s t a i n i n g s u f f i c i e n t b e t a i n t h e y i n - y a n g c e l l f o r
MHD s t a b i l i t y .
A n a l y t i c f o r m u l a s d e r i v e d by Cohen, e t a l . ["8^,
p r o v i d e e s t i m a t e s of ECRH p o w e r , PECRHJ which g e n e r a t e s p o t e n t i a l peaks s u f f i c i e n t for c e n t r a l - c e l l i g n i t i o n .
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FIG.2. Thermal-barrier TMR Q as a function of peak central-cell beta, j3c, for central-cell
lengths Lc = 100, 150 and 200 m. Both A-cell-barrier and axisymmetric-barrier
cases are
plotted. In all cases, Bmirror
= 9 T, Pfusion = 3500 MW(th), thermal-barrier beta = 0.5,
central-cell temperature = 40 ke V, and sloshing-beam injection energy - 330 ke V.

Electron-synchrotron radiation loss from the plugs is included,
Volumes appropriate for each power input are computed by fixing the plasma cross section and field at the yin-yang-cell
midplane in the A-cell-barrier design of Fig. 1 or at the annulus midplane in the axisymmetric barrier case; conservation
of magnetic flux was used to compute cross sections elsewhere.
Assuming Bmirror = 9 T (B con ductor(max) < 12 T ) ,
Pfusion ~ 3500 MW(th), maximum beta = 0.5 in the thermal
barrier, T ¿ c = T e c = 40-keV central-cell temperature, and
E£ n j = 330 keV for the sloshing beam, Fig. 2 plots
Q = pfusion/(PMHD + Pslosh + Ppump + P E C R H > for A-cell
barrier TMR's, and Q = P f u s i o n / ( P s i O S h + Ppump + P E C R H > for
axisymmetric barrier TMR's as a function or peak central-cell
beta /3C, for central-cell lengths L c = 100, 150 and 200 m.
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Volume-average b e t a = 0 . 6 peak b e t a i n a l l cases except f o r t h e
L c = 100 and 200 m a x i s y m m e t r i c - b a r r i e r p o i n t s , where /3 C = 0 . 6 6
and 0 . 5 5 , r e s p e c t i v e l y .
F o r P f u s i 0 n ^ 3500 MW(th), any p o i n t
i n F i g . 2 c a n b e s c a l e d a s Q « P f u s i o n oc Lc« A ^ A-cell barr i e r TMR cases have yin-yang cell beta = 0.7, with E£nj = 100 keV
there. Figure 2 indicates higher Q for axisymmetric-barrier
TMR1 s than for A-cell-barrier TMR's because of the higher /3C
expected in the former case reducing plug volume. Ultimate
stable beta limits for either A-cell-barrier or axisymmetricbarrier TMR's, however, are yet to be determined. Examining
the A-cell-barrier case indicated as "reference case" in Fig.
2 , we f i n d a n e u t r o n w a l l l o a d i n g T = 1.9 MW/m2, P^^j) = 70 MW,
p
s l o s h = te MW» PECRH = 72 MW ( t o t a l — 40 GHz a t t h e r m a l
b a r r i e r and 60 GHz a t p o t e n t i a l p e a k ) , and P p u m p = 95 MW.
As
Ppump i- s t n e dominant power input to the system, recirculating e l e c t r i c power will depend c r i t i c a l l y on the generation
and trapping efficiency of the pump neutral beams. Although
such pump beams have not yet been designed in d e t a i l , we e s t i mate trapping efficiencies > 60% for the majority of the pumpbeam power at ~ 100 keV energy; with generation efficiency of
50% for those beams, the other neutral beams, and the ECRH
power, we expect less than 40% recirculating e l e c t r i c power for
this reference case at Q = 14. The substantial pump-beam currents we find could have a very important benefit in removing
thermal alphas which stream into the thermal barrier from the
central c e l l . Resonant charge exchange reactions He++ +
—»• He+ + D+ with outward-directed pump beams at a pot e n t i a l drop <5 0 > <pc - Ti c into the thermal barrier will
cause prompt loss of the accelerated He+ ions over the
potential peak.
3 . WISCONSIN TMR DESIGNS WITH THERMAL BARRIERS
The W i s c o n s i n - M a d i s o n t a n d e m - m i r r o r - r e a c t o r s t u d y h a s
c o n c e n t r a t e d on t h e c o n f i g u r a t i o n h a v i n g t h e t h e r m a l b a r r i e r
b e t w e e n t h e c e n t r a l c e l l and t h e p l u g , c a l l e d an i n s i d e - b a r r i e r TMR. The m a g n e t i c - f i e l d a x i a l p r o f i l e , q u a l i t a t i v e l y
s h a p e d a s i n R e f . 1, h a s 15 T a t t h e b a r r i e r p e a k , 1.5 T a t t h e
b a r r i e r minimum, 9 T a t t h e y i n - y a n g - m i r r o r t h r o a t and 6 T a t
the midplane.
The f u s i o n power i s a b o u t 3000 MW i n t h e r e s u l t s
presented here.
The a n a l y s i s o f t h e p e r f o r m a n c e o f a b a r r i e r
TMR u s e s a z e r o - d i m e n s i o n a l model c o n s i s t i n g of g l o b a l - e q u i l i b r i u m power-balance e q u a t i o n s f o r four plasma components:
1) e l e c t r o n s e i t h e r t r a p p e d i n t h e c e n t r a l c e l l o r p a s s i n g
t h r o u g h b o t h c e n t r a l c e l l and p l u g ; 2 ) i o n s t r a p p e d i n t h e
c e n t r a l c e l l ; 3) e l e c t r o n s trapped i n t h e p l u g ; and 4 ) ions
trapped in t h e plug.
The p h y s i c s i s d e s c r i b e d i n R e f . [ 9 ] .
The e q u a t i o n s a r e w r i t t e n a s r a t e e q u a t i o n s and i t e r a t e d u n t i l
e q u i l i b r i u m i s r e a c h e d , u s i n g t h e method o f R e f . [_3J.
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The n e u t r o n w a l l l o a d i n g , l w , c o n t r o l s t h e c e n t r a l - c e l l
l e n g t h s i n c e , f o r c o n s t a n t f u s i o n p o w e r , d e n s i t y , and t e m p e r a t u r e , t h e c e n t r a l - c e l l volume i s c o n s t a n t .
The c e n t r a l r a d i u s
v a r i e s a s l ^ and t h e l e n g t h , L c , a s T ^ Because b a r r i e r
and p l u g l e n g t h s , L^ and L p , a r e i n d e p e n d e n t o f t h e c e n t r a l c e l l l e n g t h and Q œ Lc/(Lb + Lp), Q also varies approximately
as r ^ 2 . When desired, Tw is varied in the following results
in order to keep L^ constant.
Recent work [8j has shown that the difference in plug and
barrier potential, <5 0, is given by a modified Boltzmann
relation:
eo0 = T
In
ep

(V-b)f Tec /Tep/\ "

(1)

where T ep is the plug electron temperature, T ec is the
central-cell electron temperature, np is the plug density,
and n^ is the barrier density. The parameter v has been
taken to be 0.5 for the barrier configuration considered here,
Figure 3 shows that the plug neutral-beam injection
energy, E¿ n j, greatly alters Q up to about 400 keV, at which
point the effect levels off.
Little is gained by increasing
^ini> above 500 keV. This is to be expected since the
ambipolar-hole energy is about 200 keV.

200

300

400

500 6 0 0
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FIG.3. Q versus plug neutral-beam
injection energy.
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0 . 4 0 0 . 4 5 0.50

FIG.4. Q versus central-cell beta.

As the barrier mirror ratio is increased by decreasing the
barrier minimum field, B]j, the barrier potential is depressed, which thermally isolates the plug more effectively. When
B b falls from 1.5 to 0.5, Q rises from 15.6 to 28.7. However, decreasing Bj, requires a longer barrier and increases
beta in the barrier, which may degrade MHD stability.
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T h e r e i s a s t r o n g d e p e n d e n c e of Q on c e n t r a l - c e l l b e t a ,
Pc, a s shown i n F i g . 4 . T h i s i s p r i m a r i l y b e c a u s e of c e n t r a l c e l l - f u s i o n - p o w e r d e n s i t y d e p e n d i n g l i n e a r l y on /?£. The
r e a c t o r s need minimum |SC > 40%. I t r e m a i n s t o b e s e e n i f
/Sc > 40% a l l o w s MHD s t a b i l i t y .
The e f f e c t of t h e p a r a m e t e r v i s t o d e g r a d e t h e Q of a
b a r r i e r TMR from what i t would have b e e n i f v w e r e z e r o .
The
a d d i t i o n of ECRF h e a t i n g i n t h e b a r r i e r t o c r e a t e a h o t ,
m i r r o r - t r a p p e d - e l e c t r o n p o p u l a t i o n t h e r e can c o m p e n s a t e f o r
t h e n o n - z e r o p.
P r e l i m i n a r y r e s u l t s i n d i c a t e t h a t Q can b e
i n c r e a s e d t o a b o u t 3 0 , w h i l e p l u g m a g n e t i c f i e l d can be s i m u l t a n e o u s l y d r o p p e d t o 6 T a t t h e m i r r o r t h r o a t and 4 T a t t h e
midplane.
As n e u t r a l - b e a m - b a r r i e r pumping i s d e c r e a s e d and p a s s i v e
pumping Q o J ^ s i n c r e a s e d , o n l y a s l i g h t c h a n g e a p p e a r s i n Q
despite the very different physics involved.
The u s e f u l n e s s of
p a s s i v e pumping h i n g e s p a r t l y on w h e t h e r t h e c o m p l e x i t y of t h e
s y s t e m r e q u i r e d t o a c c e p t t h e power and p a r t i c l e l o a d on a
l i m i t e r b a l a n c e s t h e l o s s e s i n h e r e n t in n e u t r a l - b e a m pumping.
P a s s i v e pumping i s a l s o i n c o m p a t i b l e w i t h ECRF h e a t i n g i n t h e
b a r r i e r , s i n c e i t removes t h e h o t , m i r r o r - t r a p p e d e l e c t r o n s .
An a l t e r n a t i v e , i n s i d e - b a r r i e r c o n f i g u r a t i o n i s t h e a x i s y m m e t r i c b a r r i e r - p l u g p r o p o s e d by K e s n e r (jLl] . T h i s c o n f i g u r a t i o n h a s t h e a d v a n t a g e of a v o i d i n g t h e e n h a n c e d r a d i a l
t r a n s p o r t due t o n o n a x i s y m m e t r i c f i e l d s b u t i n t r o d u c e s more
complexity into the plasma-physics a n a l y s i s .
The r e a c t o r
i m p l i c a t i o n s of t h i s c o n f i g u r a t i o n h a v e n o t y e t b e e n a n a l y z e d
b u t a r e p r o b a b l y n o t v e r y d i f f e r e n t from t h e A - c e l l - b a r r i e r
c a s e s t u d i e d a t LLNL.
The e q u i l i b r i u m power code h a s been m o d i f i e d t o a n a l y z e
TMR1s o p e r a t i n g on D-D f u e l .
To a c h i e v e Q v a l u e s g r e a t e r t h a n
5 , i t i s n e c e s s a r y t o h a v e s h o r t b a r r i e r l e n g t h ( ~ 5 m) and
h i g h b a r r i e r m i r r o r r a t i o t o r e d u c e t h e b a r r i e r ' s pumping p o w e r .
A x i s y m m e t r i c end p l u g s s t a b i l i z e d by s u r f a c e m a g n e t i c f i e l d s
Q 2 J h a v e been examined f o r t h i s p u r p o s e . We f i n d R5 ~ 30
t o 50 i s f e a s i b l e and h i g h p l u g / m i r r o r r a t i o i s p o s s i b l e i f
desired.
I t i s t h e n found t h a t Q v a l u e s i n e x c e s s of 5 w i t h
D-D a r e p o s s i b l e .
A s p e c i f i c c a s e w i t h Q = 6 . 5 h a s L c = 180 m,
L b = 5 m, L p = 3 . 5 m w i t h B $ a x = 15 T, Bb = 0 . 5 T and
Such d e v i c e s would r e q u i r e /3C = 0 . 6 t o 0 . 8 ,
B max = 10 T .
which may be f e a s i b l e w i t h a x i s y m m e t r i c p l u g s .
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Abstract

LASER FUSION REACTOR CONCEPT OF HIGH PELLET GAIN USING MAGNETICALLY
GUIDED LITHIUM FLOW.
A concept is presented of a D-T fusion laser reactor (SENRI-I) with magnetically
guided inner lithium flow. It is assumed that input laser energy is 1—5 MJ and pellet gain
is 1000—200. The pellet gain scaling law is examined theoretically and by simulations.
Studies of the neutron spectrum from highly compressed fuel plasma show that the spectrum
is softened by collision with fuel ions. Neutronics in a blanket is calculated for both
monochromatic and softened spectrum. A design for the inner lithium flow and the cooling
system is presented, together with blanket calculations. The inner lithium flow is used as
a first-wall protector, a coolant and a tritium breeder. Lithium flow controlled by the
magnetic field is examined both theoretically and by computer simulations, and it is found
that flow shape and velocity are well controlled and that disassembly is suppressed by the
magnetic field pressure. Lithium temperature at the outlet from a reactor cavity is assumed
to be ~ 5 8 0 C. The physical and technical feasibility of this laser fusion reactor design is
shown by analysis of implosion and burning processes and by neutronics in a core and a blanket.
The feasibility of the reactor system is also examined by thermal, material and mechanical
studies.

1.

INTRODUCTION

The remarkable recent progress in pellet fusion experiments and high power
driver technologies has encouraged us to study a conceptual design for an inertial
confinement fusion (ICF) reactor. This paper presents the design of a 1200-MW
ICF reactor [1—3] intended to clarify technical and physical problems on the way
to a commercial fusion reactor.
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FIG.l.

Sketch of magnetically guided Li flow reactor.

We have investigated an original design for a D-T reactor driven by a multi-MJ
laser system which utilizes a thick lithium flow inside a spherical cavity to moderate
the first-wall loading and neutron fluence on solid structural materials. The
lithium flow is also used as an 'inner blanket' and is guided by a steady magnetic
field to form the desired flow. A sketch of a reactor cavity and blanket is shown
in Fig. 1, and the parameters used in our reactor system are shown in Table I.
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TABLE I. PARAMETERS OF LASER FUSION REACTOR CONCEPT
Laser

Gas phase ( C 0 2 etc.)
Number of beams

Pellet

Output energy

1-5 MJ

Shot cycle

1 Hz

Peak power density

200 TW

Pulse duration

100 ns

Efficiency

10%

Multi-shell
Fuel

DT

Radius

~ 3 mm
1240 MW (thermal)

Output power

496 MW (gross electric)
426 MW (net electric)
Reactor vessel with magnetically guided inner Li flow
SUS container
Cavity
Inner Li flow

R = 5.64 m (spherical)
R~5.00m
D ~ 0.64 m
T = 400°C (inlet)
580°C (outlet)

We describe pellet gain optimized for burning processes, the neutron spectrum
from highly compressed fuel plasma, and neutronics in a blanket. Designs for
magnetically guided lithium flow, reactor vessel and cooling systems are examined
from the point of view of mechanics, MHD and neutronics.

2.

BURNING PLASMA: SCALING LAW OF PELLET GAIN

The pellet gain Q (= fusion power output, Ef/laser energy input, E L ) should
be greater than 100 to achieve a system efficiency r?s of 30% for a power reactor
(see Section 3). We show here that the pellet gain Q becomes of the order of
100-1000 for a multi-MJ laser [4].
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It is useful to write the pellet gain Q as
E^
g
Q =
E, = z L p f

(1)

where eLp = e a e c is the coupling efficiency between the laser output energy and
D-T fuel, gf is the fuel gain, e a the absorption efficiency and e c the hydrodynamic
efficiency. The ignitor plasma is required to be hot enough (T¡ > 5 keV) and large
enough (PJRJ > 0.8 g-cm -2 )to ignite the thermonuclear reaction wave [5, 6].
If the rest of the fuel is compressed isentropically, the internal energy of the fuel
can be given by
Ep

=

[ a ( £_)V3 +

47T (PR)

m. p

PR

0

i

¿A } 3

T_

],

(a>l)

(2)

where p 0 is the initial density of the fuel, a is the numerical factor which is unity
if there is no preheating, and the second term in the blanket of Eq.(2) is the
energy of the ignitor plasma. The power output E f is shown as:
2

p

n

(PR)

< ^ ) E

(3)

0

m. p
i

where a = 2mjVs/(a^>, and E R is the output energy of the D-T reaction, 17.6 MeV.

-
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FIG.2. Scaling law of pellet gain Q versus
laser energy EL. eLP is the corona-core
coupling efficiency.

LASER ENERGY, EL (MJ)

It is obvious from Eqs (2) and (3) that an optimum value for pR exists to obtain
the maximum gain for a given internal energy E p . The dependence of the maximum
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gain Q m a x on the laser energy is shown by the shaded region in Fig.2. The scaling
law obtained from Fig.2 can be written as

Q 2- 104 Er3/8 4¥S
i-l

(4)

J_lir

where E L is in MJ. Therefore, Q > 100 for E L > 5 MJ and eLp > 0.03.

3.

CONCEPTUAL DESIGN OF THE REACTOR SYSTEM

3.1. Overview
We now discuss the conceptual design of the 1200-MW ICF reactor. The
concept is adopted of a magnetically guided lithium flow which is used as an
'inner blanket'. SUS-316 is chosen as the structural material because its
characteristics are well known and it is reliable for welding and machining. The
temperature has to be kept low (<600°C), because the compatibility of SUS
and lithium is not well known. Although the lithium temperature has to be kept
low, highly developed turbine engineering enables the net electric power (426 MW)
required for our system to be obtained.
3.2. Energy balance of the total system
A system efficiency r¡s of the laser fusion reactor system is defined to be the
ratio of electric to thermal output energy from a thermonuclear microexplosion.
The system efficiency is required to be larger than 30% since the waste energy
may cause thermal pollution and reduce energy economy.
The gross electric output power E 2 is estimated to be

E g = n { (MbQ + 1) E L

+ Y ( ^ p " 1) E L }

(5)

for a given Q, where r\ is the conversion efficiency from thermal to electric energy,
Mb is the blanket gain, T?L is the laser efficiency, and y is the recovery efficiency
of waste thermal energy. The electrical power recycled to maintain the laser
operation ( E L / T 7 L ) a n d to evacuate the reactor cavity (Ev = oE f ) is assumed to
be given by
EL
£Eg = ~ + a

(MfaQ + 1) E L

(6)
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where e is the recirculating power fraction. The system efficiency r¡s is then determined by

M

(7)

bEf

We now consider the pellet gain Q required to achieve a sufficient total
efficiency T?S for a system with laser efficiency ?7L. Let us set ff = 40%, 7 = 0 ,
a = 5%, Mb = 1.2 (a pure fusion system) as standard values. In such a case, the
system efficiency r?s is shown by solid lines in Fig.3. If the laser efficiency 7?L
is 10%, a practical power plant can be designed for pellet gain greater than 200.

FIG,3. System efficiency r?s versus pellet
gain Q for various values ofr)L.

For a fission-fusion hybrid reactor, the blanket gain, M b , is 4( 232 Th) and
~18 (natural uranium). Therefore, the net electrical output power can be
sufficiently high even for a relatively low pellet gain. Actually, when natural
uranium is used for a blanket, the necessary pellet gain is about 20 for r¡L = 5%,
as shown by the broken line in Fig.3.
Finally, we discuss the requirement for laser energy E L using a scaling law
of Q = 100 Ef/ 8 (E L in MJ), which is derived from Eq.(4) for e L P ^ 0.03.
Setting the laser efficiency r¡L = 10%, we obtain the condition E L > 1 ~ 5 MJ
for a pure fusion reactor, since the pellet gain must be greater than 200. E L can,
however, be less than 1 MJ for a fission-fusion hybrid reactor when e L P > 0.03.

4.

INNER BLANKET (LITHIUM FLOW) DESIGN

4.1. Overview
The concept of a magnetically guided lithium flow reactor is sketched in
Fig. 1. The structural wall of SUS is covered by a thick lithium layer which flows
down from top to bottom in a reactor cavity. The lithium is guided by a static
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magnetic field to form a thick layer flowing along the wall. The total thickness of
the inner and outer lithium layer is designed to be 70 cm in order to convert
the neutron energy into sufficient thermal energy and to breed enough tritium.
This ensures a low level of neutron fluence to the structural wall and a long life
for the reactor cavity. The magnetic field is also useful to shield ce-particles and
other charged particles from the lithium layer and to weaken the heat pulse
generated in the very thin surface (~10 ¿im) of the lithium layer. X-rays heat
the surface layer to a temperature much higher than boiling point. Although
lithium evaporates from the surface, the surface temperature is cooled down
quickly by evaporation and shock wave. The lithium surface may then act as a
cryopump.
4.2. Lithium flow controlled by magnetic field
We now discuss some problems involved in magnetic field effects and the
lithium flow system, in particular flow velocity control and the shaping and
disassembly of the lithium flow due to long- and short-range pulsed heating.
An external magnetic field is applied to control 'lithium-fall'. Without an
external magnetic field, the lithium flow would be accelerated by gravity and the
lithium layer would become narrower and break down. The Reynolds number
of the flow is higher than 10 6 , and, without a magnetic field, the 'lithium-fall'
may become turbulent and spread out. The difficulties due to turbulence can
be overcome by use of the external magnetic field, which stabilizes fluctuations
of the lithium flow. Furthermore, the magnetic field decelerates the flow
through the Lorentz force J X B/c and the flow velocity and thickness can then
be controlled. By means of the magnetic field pressure, we can also fix the flow
on the structural wall and shape the flow pattern. To obtain this flow control,
we place four types of coil round the reactor cavity; three of them, the main,
sub-main and shaping coils, are placed round the top of the cavity, as shown in
Fig. 1, and the fourth, which is used mainly to decelerate the flow, is in the
bottom area. The coil shape, current strength and coil positions are described
elsewhere [9].
When the angles of the flow direction and the magnetic field line relative
to the direction of gravity are set to be \p and 6, respectively, the stationary
velocity v0 is estimated to be

,,

2
- Pc 9
c o s 4>
n "
2
2
u
aB¿
s i n (6-iJ;)

and the flow direction is controlled by the magnetic field within an angle,
0<^<-9.
Here a = 1.88 X 10 16 s"1 is the conductivity and p = 0.48 g-cm"2
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is the density. For example, when 6 = TT¡3 and
evaluated to be 0.7/B 2 m-s - 1 , where B is in kG.

\¡J

= it/6, the flow velocity is

4.3. Energy deposition and structural problems in the lithium layer
Neutrons and X-rays generated by the microexplosion deposit their energy
in the lithium layer. These energetic pulses are of very short duration compared
with the typical hydrodynamic time scale of liquid lithium. A typical neutron
pulse duration is a few ns and the duration of X-rays is less than 1 ns. Because
of the pulsed heating, the thermal expansion cannot follow the temperature rise.
During a hydrodynamic response time [~XdeD (energy deposition range)/Cs
(liquid lithium sound speed)], the lithium layer pressure is about 10 MPa for
neutron heating and 10 GPa for X-ray heating. These pressure pulses generate
hydrodynamic motions and disassembly of the lithium flow.
Since the X-ray deposition range is of the order 100 urn and the 14.1-MeV
neutron range is of the order 50 cm, the X-ray heats a very thin layer, generates
a localized strong shock wave and evaporates the surface layer. Neutrons heat
the bulk lithium layer, and bulk motions are induced. The disassembly and shock
waves may destroy the lithium layer and damage the reactor first wall.
Some ideas for preventing these difficulties have already been proposed [7,8]. We
have investigated magnetic field effects on shock-wave propagation and disassembly
by theory and computer simulations. Figures 4 and 5 show results of simulations
on the hydrodynamic motion of the lithium layer due to neutron bulk heating.
Li

0

Layer

Disassembly

50
100
Position (cm)

FIG.4. Expansion velocity profile and
neutron energy deposition profile of
64-cm-thick Li layer.

FIG.5. Space-time diagram of Li layer
surface motion.
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Figure 4 shows the expansion velocity profile and the initial profile of neutron
energy deposition. In Fig.5 we see that a magnetic field of several kG decelerates
the two-phase lithium layer expansion and disassembly is suppressed. We conclude
that the magnetic field may protect the lithium layer from plasma and a-particles
and prevent disassembly.

5. NEUTRONICS IN A PELLET AND A BLANKET
5.1. Neutronics in a high-density D-T plasma
In high pellet gain fusion, fuel is compressed to ~1000 p 0 where p 0 = 0.2 g-cm -3
is the solid D-T density, and pR becomes 1 - 6 g-cm - 2 . For these values of pR,
elastic and inelastic collisions of neutrons with D or T cannot be neglected. Because
a part of the neutron energy is deposited on to plasma ions by collisions, the neutron
energy is softened. Figure 6 shows the neutron energy spectrum for various values
of pR, calculated by the one-dimensional neutron transport code ANISN , where
the number of neutron energy groups is 42, E g is from 14 MeV to thermal energy,
and elastic and inelastic cross-sections for D and only elastic cross-sections for T

1.0
Neutron Energy (MeV)

10.0

30.0

FIG.6. Neutron distributions scattered in
a core plasma for pR = 0.7, 3.0 and
6.0 g-cm~2.

are included [10, 11 ]. It was found that inelastic collisions with T are not effective
in neutron transport [12]. In a typical implosion with burning, pR is ~ 3 g-cm -2
in our burning calculations for Q ~ 100-400. It is clear in Fig.6 that softening of
the neutron spectrum is evident for pR > 1. The number of 14-MeV neutrons without scattering or with only self-scattering is 0.908, 0.680 and 0.494 per source
neutron for pR = 0.7, 3.0 and 6.0 g-cm -2 respectively, where it is assumed that
density distribution of DT fuel is uniform. Fusion neutrons not only deposit their
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TABLE II. THERMAL DEPOSITION IN A BLANKET PER D-T REACTION
(inMeV)
14-MeV
monochromatic

Injected neutron

No. of neutrons
from microexplosion

pR = 3 softened

1

Total energy
of neutron

14.1 Mev
n
heating

1.043

1.061

11.9 MeV

9.21 MeV

n

y
heating

pR = 6 softened

7

n

7

Inner Li, 64 cm

13.29

1.49

11.94

1.31

10.66

1.10

SUS-316, 2 cm

0.12

0.58

0.09

0.49

0.07

0.41

Outer Li, 6 cm

0.74

0.07

0.69

0.06

0.62

0.05

SUS-316, 2 cm

0.07

0.40

0.06

0.34

0.04

0.29

Graphite, 20 cm

0.44

0.37

0.35

0.32

0.27

0.27

SUS-316, 5 cm

0.02

0.27

0.02

0.25

0.01

0.21

Summation (MeV)
Energy multiplication

17.86

15.92

14.00

1.27

1.34

1.52

TABLE III. TRITIUM BREEDING RATIO PER D-T REACTION
Injected neutron

14-MeV
monochromatic

pR = 3 softened

pR = 6 softened

1.0

1.043

1.061

No. of neutrons
from microexplosion
Total energy
of neutron

14.1 MeV
6

7

Li

Li

6

0.697

0.883

0.751

Outer Li, 6 cm

0.081

0.017

Summation

0.778

0.900
1.678

7

Li

Inner Li, 64 cm

Total

9.21 MeV

11.9 MeV
Li

6

7

Li

Li

0.723

0.791

0.587

0.108

0.014

0.103

0.011

0.859

0.737

0.894

0.598

1.596

1.492
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TABLE IV. DESIGN OF BLANKET
Layer No.

Layer

1

Pellet

2

Vacuum

3

Inner blanket

Thickness
(cm)

1
499
64

Inner and outer
radius
(cm)

Material

0-1

Solid DT

1-500

Li vapour
P = 10~ 3 torr

500-564

Liquid Li
p = 0.482 g - c m - 3

4

Support

2

564-566

SUS-316

5

Outer blanket

6

566-572

Liquid Li
p = 0.482 g - c m - 3

6

Support

7

Reflector

8

Support

2

572-574

SUS-316

20

574-594

Graphite

5

594-599

SUS-316

Note: Li - natural abundance.

energy on to the plasma by scattering but also reproduce neutrons by D(n,2n)H
reactions. The number of neutrons per D-T reaction is 1.011, 1.043 and 1.061
for pR = 0.7, 3.0 and 6.0 g-cm -2 . Their total energy is 13.8, 11.9 and 9.21 MeV
respectively (as shown in Tables II and III), which decreases with increase of pR.
Neutronic calculations in the blanket are performed with 14.1-MeV monochromatic
neutrons and the softened neutron spectrum.

5.2. Neutronics in a blanket
Neutron transport and tritium breeding ratio are calculated by the onedimensional neutron transport code ANISN , where the energy spectrum is divided
into 42 groups for neutrons and 21 groups for 7-rays [11]. In these calculations
spherical symmetry is assumed and both nuclear reactions 6Li(n,a)T and
7
Li(n,n' + a)T are taken into account.
The structure of the calculated blanket in a spherical geometry is shown in
Table IV and Fig.7. Most of the energy from a microexplosion is deposited in
an inner flowing-lithium blanket, whose thickness is assumed to be 64 cm. An
outer flowing-lithium blanket, 6 cm thick, cools the structural materials (SUS-316).
A gas-cooled graphite layer 20 cm thick acts as a reflector.
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500
cm

CORE

o o
cm cm

cm

FIG. 7. Structure of blanket.

Thermal deposition in the blanket per D-T reaction is shown in Table II for
a 14.1-MeV neutron, 1.043 X (pR = 3 softened neutrons) and 1.061 X (pR =
6 softened neutrons). More than 80% of the total energy is deposited in an
inner lithium blanket in each case. Deposited energy is greater than injected
neutron energy, where AE = [6Li(n,a:)T, heating] - [7Li(n,n' + a)T, cooling] s 4MeV.
10

^ ^ !

1.0

7

\\\
\\«\ .
\\ t
o.i

o.oi

500
cm

600
Li

64cm

cm

n

C
cm 20cm
fc-J

SUS SUS
2cm 2cm

SUS

FIG. 8. Temperature increase of blanket
for a 1200-MJ heat pulse. Solid lines are
for monochromatic 14-Me V neutron
irradiation; broken lines are for the softened
neutron spectrum from pR —3.0 core
plasma.

5cm

The profile of temperature increase per 1000 MJ microexplosion in a core is
shown in Fig.8, where the number of D-T reactions is 3.55 X 10 20 . The solid
and broken lines correspond to 14 MeV monochromatic neutrons and
1.043 X (pR = 3 softened neutrons), respectively. It is found that the temperature
increase AT is lower for the latter in all regions owing to the moderation of the
neutron energy spectrum. The 64-cm-thick inner lithium blanket is heated to
~ 1 - 3 ° C per 1000-MJ microexplosion and sufficiently reduces thermal loading of
structural materials. The first wall (SUS-316) is heated to ~1.5°Cper 1000-MJ
microexplosion because the specific heat ratio of SUS-316 is much smaller, where
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FIG. 9. Flux profiles in blanket for monochromatic and softened neutron inputs.
Solid lines are for monochromatic 14-Me V
neutron irradiation; broken lines are for
softened neutron spectrum from pR = 3.0
core plasma.

SUS-316 is heated mainly by 7-rays, as shown in Table II. Figure 9 shows the
profile of flux per DT reaction which corresponds to Fig.8, where solid lines
denote the 14.1-MeV neutron case and broken lines denote the 1.043 X (pR =
3 softened neutron) case.
The tritium breeding ratio is summarized in Table III. The total ratio is
1.678, 1.596 and 1.492 for 14.1 MeV, p R = 3 a n d p R = 6 softened neutrons,
respectively. When the neutron spectrum is softened, 7Li reactions decrease but
6
Li reactions increase. In each case it is expected that a sufficient tritium breeding
ratio will be obtained in the blanket as shown in Table IV and Fig.7.

THE REACTOR COOLING SYSTEM
We have chosen liquid lithium as coolant and breeder. We have also chosen
SUS-316 as the structural material because, since it is much used in atomic power
plants, its characteristics in neutron fluence are well known. It is also much
cheaper than other materials, such as molybdenum. However, the compatibility
at high temperatures of SUS-316 and liquid lithium is not known, so the temperature is limited to under 600°C in our conceptual design. Reliability and cost of
materials are considered to be important limiting factors for our reactor design.
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The cooling system consists of three cycles through the heat exchangers. In
the first cycle, a liquid lithium now cools the reactor through the inner and outer
blankets. Lithium also breeds tritium by the nuclear reactions 7 Li(n,n' + a)T
and 6Li(n,ce)T. Liquid sodium flow is used as the intermediate cooling cycle
(secondary system). In the third cycle, steam is produced in the steam generators
and goes into the turbines. This three-cycle system is shown in Fig. 10.
STEAM

I

496MWe

FIG. 10. Flo w diagram of coo ling sys tern.

The lithium temperature is 580°C in the outlet of the reactor and 400°C in
the inlet. The sodium flow in the secondary cycle is heated from 320°C to
560°C and the steam temperature and pressure are designed to be 540°C and
200 atm in the inlet of the generator, respectively. 496 MW gross electric power is
produced in the generator (turbines).
Tritium recovery systems are also shown in the liquid lithium and liquid
sodium cycles of Fig. 10.

7.

CONCLUSION

A concept of an ICF reactor driven by a laser system of ~ 1 MJ has been
investigated and technical and physical feasibility for the technology of today and
the near future has been examined.
Since the ICF reactor is pulsed-operated, thermal, mechanical and nuclear
pulsed loading on the first wall and structural materials is cumbersome. In our
concept, a thick lithium flow inside a spherical reactor container is used in order
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to moderate the first wall loading and neutron fluence on solid structural materials
and to relax the pulsed shock of fusion bursts. Thermal and mechanical analysis,
including energy deposition, vaporization, thermal conduction etc., shows that
the inner lithium flow gives sufficient protection to the SUS spherical vessel.
System study and physical and technical investigation of this work suggest
that our ICF reactor concept is feasible.
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Abstract
EXPERIMENTAL STUDIES ON THE PLASMA FOCUS.
The results of experimental studies of high-current plasma-focus-type gas discharges
are presented; the devices used are the Flora, MG and LV-2 facilities. On Flora, plasma
dynamics is studied by high-speed five-frame interferometry; MG is employed to investigate
high-energy deuteron streams in an 'escaping'-plasma-sheath regime; and in the LV-2 device
experiments are performed with a variable-geometry anode creating conditions for several
successive plasma focus compressions.

A cycle of studies on the conditions of generation of high-power ion beams
formed in regimes with an 'escaping' (slipping along the anode) plasma sheath was
completed on the MG device described in detail in Ref.[l] (W0 < 100 kJ). The
characteristic feature of these regimes is that in such a current sheath geometry
the constriction of the current on the axis of the system is not accompanied by
the capture of a considerable mass of material, as happened in the case of an
ordinary dense plasma focus. If the central part of the anode on the surface of
which the plasma focus was formed is flat, the interaction between the current
and the metal plasma of the evaporated anode material creates the conditions for
the generation of high-power electron beams and hard X-rays. If the central part
of the anode has a conical cavity (Fig. 1 ), a 'collapsible' high pinch with £/r > 1 is
formed, and in these cases devices of the plasma focus type become analogues
of the linear Z-pinch but with a higher current density and hence higher plasma
parameters in the compression zone. Under such conditions, all the effects of
high-energy ion and electron generation which were observed in the linear Z-pinch
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Conical cavity in central part of anode.

are amplified by a factor of 103 — 10 s , and it becomes much simpler to study them
experimentally. The MG device with a 4-m-long drift tube along its axis was used
for the cycle of time-of-flight measurements of the energy distribution of the
accelerated ions; the time of generation of the hard (E > 300 keV) component
of the ion bunch was evaluated and the basic spatial characteristics of the flux
were obtained. The high-energy ion beams were recorded by two methods: the
method of activation targets (reactions D(d,n)3He; n B(d,n) 12 C; 12 C(d,n) 13 N)[2]
and the method of direct measurement of the ion current by an insulated graphite
collector, which simultaneously records the ion current and the intensity of the
nuclear reactions initiated on it and on the activation target. In one part of the
studies the time-of-flight analysis was combined with the magnetic analysis of
the particle flux with the help of a transverse magnetic field applied to the input
section of the drift tube. In the case of simple deflection of the deuteron beam
by the transverse magnetic field of a different intensity, fluxes of multiplycharged ions (e.g. aluminium) could be detected. The main physical results for
the operating regimes studied can be summarized as follows: the fast-deuteron
spectrum is non-monotonic and usually has two maxima: 200—300 keV and
1 — 1.5 MeV. The nature of the spectra suggests that there are at least two phases
of plasma focus development in which high-energy particle fluxes are generated.
One coincides in time with the generation of X-rays of 'medium' hardness with
a quantum energy of up to a hundred keV, which are usually observed in plasma
focus discharges, and the other with the instant of generation of a harder pulse
of megavolt energy range. The first phase has a duration of ~30—100 ns and
coincides with the generation of neutrons from the plasma focus. The second
phase, which usually starts 20—40 ns later, is substantially shorter in duration
(~5 ns) and has insufficient reproducibility from one discharge to another.
A similar energy distribution was also found by Bostick and co-workers [5] but
with maxima shifted towards lower energies, owing to the energy characteristics
and geometry of the experiment.
Neutron emission in the form of one pulse coinciding in time with the
formation of a long pinch is characterized by a high degree of stability (up to 5%
in a series of ten discharges) and an absolute value lower by several factors than

IAEA-CN-38/G-1-1
X-rays

D+

163
X-rays+D +

FIG.2. Pinch periphery at instant of generation of high-energy ions.

the maximum for the given pressure. The reproducibility of this compression
phase correlation with the good reproducibility of the parameters of the soft part
of the deuteron bunch having its maximum at 200-300 keV.
The axial plasma loss that is characteristic of the plasma focus is hindered in
the fi/r > 1 geometry, and this results in fast-developing break-up of the pinch
with the formation of separate current filaments.
When the main current is divided into separate filaments situated along the
pinch periphery, conditions are created for the reconnection of the magnetic
lines of force with the formation of neutral current layers, the decay of which,
following S.I. Syrovatskij's mechanism, may lead to ion acceleration in the
direction of the electric field in regions with H = 0. This mechanism seems to
be responsible for the generation of the second (harder — 1 —1.5 MeV) group of
particles of the ion bunch with a characteristic ejection time (~5 ns). A convincing
argument in favour of such a particle acceleration mechanism is provided by the
images of the generation zones obtained by exposing a photographic emulsion to
charged particles with magnetic control, which excludes X-ray images. Figure 2
illustrates the complex structure of the pinch periphery at the instant of generation
of high-energy ions. The discharges in which the high-energy deuteron bunches
(of MeV range) are generated are always accompanied by X-rays of the same hardness. Such equality between the energies of accelerated ions and electrons is
characteristic of linear Z-pinches. Since the reproducibility of the generation of
powerful high-energy particle fluxes in this series of experiments was close to the
neutron emission statistics of ordinary Z-pinches, it is natural to assume that the
above mechanism of particle acceleration in the plasma focus is also applicable
to linear pinches, where it can be the main source of the fast particles which cause
neutron emission. In the case of the classical Z-pinch, the axial loss is strongly
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FIG.3.

FIG.4.

Discharge chamber.

Oscillogram showing succession of pinches.

impaired by the large length of the pinching zone, while radial longitudinal disruptions are initiated by the original azimuthal structure of the current sheath
occurring in discharges with a low initial pressure of the working gas. We propose
that this cycle of studies should be repeated at a higher energy level of the devices.
Micropinch formations, which are often observed in various plasma focus
devices, were studied on the LV-2 device (180 ¡x¥', 24 kV). We know that neither
just the occurrence nor the structure of the formations radiating in the soft X-ray
region are highly reproducible in spite of the identical initial discharge conditions.
The series of observations described here were carried out in a discharge chamber
(Fig.3) at P 0 = (6-1) torr of D 2 . A positive copper electrode with a diameter
of 110 mm was inserted into the steel chamber via a ceramic insulator 55 mm in
diameter. With such a geometry we were able to obtain sufficiently reproducible
micropinches. A characteristic feature of the selected operating regime was the
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FIG.5. Typical pinhole image taken through Al-filter.

existence of a number of successive pinches at intervals of fractions of a microsecond. This is illustrated by the oscillogram shown in Fig.4. At the time of the
first pinching, as a result of contact with the hot and dense plasma, the central
part of the anode surface explodes and the partially ionized copper plasma spreads
along the pinch axis with a velocity of 2—3 cm-//s -1 . During the second (and
subsequent) pinching a part of the discharge current flows through the region
occupied by the metal plasma, which undergoes compression under radiative
cooling conditions. Figure 5 shows a typical pinhole image of one of the discharges
taken through a 10-Aim aluminium filter. It is clearly noticeable that the system
of individual 'beads' constituting the copper pinch is the continuation of the funnelshaped region to which the metal plasma has spread by the instant of the second
pinching. The minimum dimension (~10 i±m) of the region radiating in the X-ray
band was determined from measurements of the diameter of the image obtained
with three-fold magnification. The distance between the object and the recording
photographic emulsion was 140 cm. The length of the radiating 'beads' is probably
close to its diameter since some elongation of the image (~30 ¿im) may be due to
the motion of the source along the axis. Spectral measurements with a mica
spectrograph, similar to that described in Ref.[4], showed that the radiation of
these 'beads' corresponds to Cu XX. A thin scintillator was used in combination
with a photomultiplier to determine the time of appearance of the radiating regions.
Images were obtained with a camera having two pinholes 0.2 and 0.7 mm in
diameter covered with 10 /¿m of aluminium. On the film (Fig.6) opposite the
photomultiplier window a slit (2) was cut for transmission of radiation from the
source to the scintillator, which exposes the film (1) when the position of the
pinch shifts. The image (3) obtained at the same time through the 0.2 mm hole
serves as the control for the image shape. Figure 4b gives the typical signals from
the photomultiplier showing the X-ray pulse at the instant of explosion of the
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FIG. 6. (1) Film, (2) phototnultiplier
measurements.

window, (3) image of mica spectrograph
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anode surface during the first compression (a) and during the formation of 'beads'
from the copper plasma (b) at the subsequent stages of development of the micropinches. Bostock and co-workers [5] suggested the use of a relativistic electron
flux (REF) generated in the plasma focus for heating the plasma target to fusion
temperatures; and to make the absorption of this flux effective, they proposed
pre-heating of the target with the help of a high-power laser radiation (HPL) —
the 'combined' laser-beam heating of the plasma.
To study the possibilities of plasma heating by this method and thereby to
generate a strong neutron source suitable both for neutron physics and for work
in controlled fusion, the device called FLORA was designed at the Physics Institute,
consisting of a powerful 20-channel laser on neodymium glass and a Filippovtype 'plasma focus' [2, 4] (Fig.7).
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In this paper we describe the results relating to the dynamics of the plasma
processes both at the MHD and at the turbulent stage in different operating regimes
of the FLORA plasma focus [7]. The operating parameters of HPL are: 0.5 kJ at
a pulse duration of 2 ns, contrast not lower than 10 s , divergence 5 X 10~4. The
plasma focus parameters are: energy stored in the capacitor bank 45 kJ, voltage
20-30 kV, maximum current 0.8 MA. Neutron yield (X-ray regime) 1-5 X 109
neutrons/pulse. The plasma focus was studied with a set of different methods [8],
A ruby laser was used for laser diagnostics. The optical scheme of this
method was such that we could obtain in one 'shot' five shadowgraphs and five
interferograms of the object under investigation with an exposure of 1 ns, a
time interval of 20 ns or 36 ns between frames and a spatial resolution not poorer
than 10 min-mm -1 .
To record the infra-red radiation of the plasma in the 2—1 l-yum region, we
used a photoresistance of germanium alloyed with gold, and in the 3—15-Aim
region, a photoresistance of germanium alloyed with zinc with a fully compensated
first level. The response time of the first resistance was 30—40 ns and that of the
second did not exceed 1 ns.
Spectral analysis of the radiation under investigation in the 2—14-jum region
was carried out with the use of interference filters.
The cryostat was enclosed in a lead casing with a 2-cm-thick wall to prevent
the X-rays of the plasma focus from reaching the photoreceiver. The whole
system was carefully shielded from electromagnetic induction. The hard X-rays
were studied with the help of two 14 EhLU-FS high-current photomultipliers
and plastic scintillators [8]. Using two recording channels with different filters
(Fe and Pb) we could obtain an idea about the dynamics of the hard X-ray
spectrum with a quantum energy above 80 keV. The absolute X-ray yield of the
plasma focus was measured with the help of DRG-3-0.1 dose meters from the
blackening of photoemulsions, with a combined X-ray-meter and a calibrated
EhLU photomultiplier. The aboslute neutron yield of the plasma focus was
determined with two activation counters.

DYNAMICS OF THE PLASMA FOCUS
BEFORE THE PERIOD OF GENERATION
OF HARD RADIATIONS
The dynamics of the processes occurring in the plasma focus was studied at
different initial gas pressures, gas compositions (additions of Ar and Xe) and
voltages. As a result, it was established that there were several operating regimes
of the plasma focus: the regime with the formation of a dense pinch on the
chamber axis (pinch regime with one compression) (Fig.8a); the pinch regime
with two compressions (Fig.8b) and the X-ray regime (Fig. 10).
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FIG. 9. (a) R-t-diagram and behaviour of hard X-rays and neutron radiation; (b) R-t-diagrams
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FIG. 10. X-ray regime (a) R-t-diagram; (b) shadowgraph.

The initial pressure in the chamber was maintained in the first regime at the
level of 0.3 torr of D 2 . Figure 9a shows the R-t diagrams of these processes and
the temporal behaviour of the hard X-rays and neutron radiation. Disruptions
in the current sheath, accompanied by a burst of hard X-rays, occur 30—50 ns
after compression of the plasma near the axis (and sometimes even before the
maximum compression). The second regime was obtained at a pressure of
0.7—0.8 torr of D 2 in the chamber and at voltage of U = 24 kV. The typical
interferograms obtained a little after the first compression are shown in Fig.8b.
The R-t diagrams of the current sheath and the temporal behaviour of the hard
X-rays and IR radiations are shown in Fig.9b. It will be seen that the plasma
focus undergoes two compressions with an interval of 100 ns. The pinch radius
is 5 mm in the first compression and 1 mm in the second.
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The plasma focus usually goes into the X-ray regime after some period of
operation of the chamber with an aluminium insert at the centre of the cathode.
The study was performed at a D2 pressure of 0.29-0.35 torr in the chamber and
a voltage of 27 kV. Additions of argon and xenon were also used.
This regime is characterized by the absence of a high pinch on the plasma
focus axis (Fig. 10), by a large absolute yield of hard X-rays and by the short
duration of the latter's pulse. The IR radiation spectrum of the plasma focus has
so far been studied only in the second regime. The typical oscillograms of the
signals from the IR detector are shown in Fig.9b. We clearly see the correlation
of the maximum compressions with the maxima of the hard X-rays and IR radiation.
Analysis of data obtained by this method taking into account the interferometric
measurements of plasma density shows that in the 10-jum region the radiation
intensity considerably exceeds the thermal level [11].

PLASMA FOCUS IN THE PERIOD OF GENERATION
OF HARD X-RAYS AND NEUTRON RADIATION
The temporal behaviour of the hard X-rays is shown in Figs 9 and 10 for
each regime. The hard X-rays of the plasma focus generally consist of two pulses,
the maximum of the first corresponding to the instant when the quasi-cylindrical
shock wave reaches the axis of the plasma focus chamber. Except in the X-ray
regime, its appearance is regular in character although the amplitude varies within
considerable limits from shot to shot. The second X-ray pulse usually has a steep
leading edge - less than 10 ns. It has an especially sharp front, shorter than 3 ns,
in the X-ray regime. The instant of generation generally coincides with the
beginning of disruption of the current sheath (one-compression regime) or with
the break-up of the pinch (two-compression regime and X-ray regime). The highest
intensity of the second hard X-ray pulse is reached in the X-ray regime. In the
one-compression regime its amplitude is smaller by a factor of about three than
in the X-ray regime and in the two-compression regime by a factor of about 10.
It should be noted that this pulse has steep trailing edges in the X-ray and onecompression regimes.
The spectrometry of the hard X-rays on this device was carried out earlier
by the time-integrated method of photo-nuclear emulsions [9]. In the present
study the hard X-ray spectrum was investigated in the X-ray regime in two regions:
80—100 keV and above 160 keV. The respective graphs obtained by the treatment of the oscillograms of the hard X-ray pulses are given in Fig. 10.
To measure the absolute yield of hard X-rays, we used several methods.
The results obtained by all methods agree satisfactorily with one another. The
energy in the flux of accelerated electrons in the X-ray regime, which are

FIG.11.

Five-frame shadowgraph of REF.

responsible for the generation of the hard X-rays, was evaluated from these
measurements as being of the order of 103 J provided that the energy of these
electrons was of the order of 10s eV.
The process of formation and compression of the electron flux (REF) was
studied in detail in the one-compression regime [10]. Figure 11 gives a fiveframe shadowgraph demonstrating these processes. The shadowgraph also clearly
shows that until this electron flux is focussed (frames 1 and 2) the plasma formed
during anode heating moves from the copper anode inside the current sheath of
the pinch. The instant at which the REF diameter at the narrowest point — near
the boundary of the pinch and the copper corona — reaches its minimum dimension
(1 mm) coincides with the instant of sharp fall in the hard X-ray intensity. At the
same time, the maximum of the neutron radiation pulse corresponds to this period
(Fig.9a).
To verify the assumption about shock heating of plasma in the plasma focus,
we performed an experiment on filling the chamber with a D-T mixture. In this
experiment 14-MeV neutrons were recorded by a specially developed activation
method using the reaction *|F (njpyfO, which gave the neutron yield value with
a root-mean-square error of 15%.
After the plasma focus chamber was filled with an equi-component D-T
mixture to the total pressure of P 0 = 1.8 torr, the yield of 14-MeV neutrons varied
from 1 X 1011 to 2 X 1011 per pulse at a neutron burst duration of ~100 ns.
This experiment thus showed that, other conditions being equal (C = const.
V = const and P 0 = const), replacement of pure deuterium in the working volume
of a plasma focus chamber of Filippov geometry by an equi-component D-T
mixture increases neutron yield by a factor of 100.
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Figure 11 shows a shock wave in the deuterium plasma of the pinch driven
by the plasma 'piston' formed during the interaction of the focussed REF and the
pre-heated plasma of the copper anode. The velocity of the shock wave at the
initial stage is v s 4 X 1017 cm • s_1. After 20 ns this shock wave goes over to a
regime close to the self-similar (Mach number M = 3—4). Evaluation of the
absorbed energy of the REF in the copper corona by the point explosion theory,
provided that this energy is close to the shock wave energy, and also by calculation
of /(Nmv 2 /2) dV from interferograms gives E a b s = 1 kJ.
The total evaporated mass of the copper torch is determined from the
evaluation of the mass of the deuterium plasma encompassed by the shock wave
to R = 1 cm (evaluation 'from the top'); it is of the order of 6—7 X 1CT6 g.
Evaluation of the evaporated copper from the classical electron pathlength
(SQ — 10s eV) in copper gives a value which is at least an order higher (evaluation
'from the bottom' M > 10~4 g) [ 10]. Thus, knowing the minimum diameter of
the focussed electron flux near the anode (Fig. 11, r = 1 mm) and the time of
its action on the plasma corona (r = 20—40 ns), we can determine the REF
density as 5 X 1012 — 10 13 W- cm -2 . Let us note another important fact: by the
time that the self-focussing of the REF is completed the hard X-ray pulse decays
in amplitude practically to zero (Fig.9a), while the REF channel can be seen for
another 20—50 ns after the disappearance of the hard X-ray pulse. These facts
(together with the IR spectrometric data on the plasma focus) argue in favour
of collective processes of electron flux absorption in the plasma of the copper
corona.

CHANGES IN PLASMA FOCUS DYNAMICS
UNDER THE ACTION OF HIGH-POWER LASER RADIATION
Laser radiation with an energy of 20—500 J and a pulse duration of about
2 ns was focussed by means of a long-focus lens on the copper anode surface.
The diameter of the focal spot was 1 mm. The laser irradiation was carried out
in two regimes, 2 and 3. The full laser (E = 500 J) was used in regime 2 but only
the preliminary amplification cascades (E = 20—40 J) in regime 3.
Figure 12 shows a summary graph of the dependences of plasma density in
the pinch, the reflection coefficient of the HPL and the scattering coefficient of
the latter, together with neutron radiation intensity as a function of the instant
of the laser radiation impinging on the plasma focus. Instant '0' and the instant
denoted by an arrow coincide with the maxima of the hard X-ray pulses. This
graph relates to regime 2. It will be seen that at the above instants the reflection
and scattering of the HPL decrease sharply to values ^1 %. As the instant of
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FIG. 12. Graph showing plasma density in the pinch, HPL reflection coefficient, HPL scattering
coefficient and neutron radiation intensity as a function of instant of laser radiation on the
plasma focus.

impingement of the laser pulse approached the instant of the first compression,
the neutron yield of the device decreased monotonically (K, l pf+las 0.1 CPi .?
and then also increased slowly with delay in the impingement of the HPL on the
plasma focus. If, however, the HPL pulse coincided with the hard X-ray pulses,
the absolute neutron yield was of the same order as that of the plasma focus
itself and a neutron pulse duration of ^ 1 0 ns was recorded on the oscillograph.
Thus, it was possible in these experiments to increase the neutron radiation
intensity by an order of magnitude by reducing the pulse duration.
These effects were observed only in the case where the focal spots of the
HPL and the REF coincided with or approached each other on the anode surface,
the control being performed by five-frame interferometry.
Two hard X-ray pulses were also observed during the action of the HPL.
If, however, the maximum of the first pulse coincides with the instant of the
arrival of the shock wave at the z-axis of the device (i.e. just as when there is no
HPL action), the instant of appearance of the second pulse usually correlates
with the laser radiation pulse, lagging behind it by a time interval of the order
of 100 ns.
Interferometry shows that this is associated with the injection of the laser
plasma into the pinch, which in this case continues uninterrupted compression
to dimensions of 2—3 mm, terminating with current 'disruption'. Thus, the
instant of "switching on" the REF of the plasma focus can be controlled by the
HPL. In the X-ray regime, where there is certainly no pre-heating of the anode
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at the centre by the plasma of the pinch (this, incidentally, promotes a high hard
X-ray yield from the REF), the HPL ought to promote more effective REF
absorption owing simply to anode heating. In fact, the neutron yield increased
by a factor of 2—3 in comparison with the yield of the plasma focus without the
laser, apparently as a consequence of the formation of a more powerful shock
wave. Here it is important to note two facts: (1) this effect was observed when
the HPL pulse arrived 50 (or less) ns before the hard X-ray pulse; (2) the intensity
of the hard X-rays in this case decreased by more than an order.

DISCUSSION OF RESULTS
Summarizing the data obtained, we can apparently draw the following picture
of the development of the processes in the plasma focus.
In the one-compression regime the current sheath thrusts the gas towards
the axis; then the pinch expands to some extent and is maintained in equilibrium
for about 150 ns. Thereafter, the current is disrupted in the upper part of the
pinch and a high-power flux of relativistic electrons is formed; the latter is
focussed near the anode plasma and puts its energy into a very small volume of
material. This gives rise to a shock wave inside the pinch, which heats the plasma
to a temperature of the order of several keV, leading to the generation of the
main neutron pulse and, at the same time, breaking up the pinch by destroying
the balance between the gas-kinetic and magnetic pressures.
This model is in agreement with the well-known 'moving-pile' model [12].
This model is now receiving justification on the basis of heating of the plasma
dragged upwards by the shock wave from the REF absorbed in the anode. That
the main neutron flux moves from a region having the dimensions of the pinch
can also be explained by the above model since the plasma density is much
higher here than in the other regions of the plasma focus during this period.
The other two regimes exhibit a picture similar to that described above subject
to the following differences.
In the second-compression regime the main pinch exists without disruption
right until the magnetic field breaks through towards the axis and the plasma
is displaced from the anode. Then the second pinch, formed near the axis,
evidently goes through the same evolution as was described in the case of the
one-compression plasma focus model (disruption, shock wave or ion flux) and
so on. In the X-ray regime, on the other hand, the plasma is 'picked up' by the
magnetic field before the formation of the first compression, the subsequent
development of the process occurring according to the scheme described above.
In connection with the foregoing discussion it will not be out of place to
clarify the form of the dependence of neutron yield on plasma density and gas
composition in all the three regimes during the formation of the REF and the
shock wave. Comparison with the neutron yields of our device in these regimes
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FIG, 13. Neutron yield versus density.

(Fig. 13) demonstrates that the dependence of neutron yield on density is close
to 'thermonuclear'.
As our first experiments show, the action of the HPL on the plasma focus
anode can be used, first, to regulate the instant of 'switching o n ' the R E F to
the focus and, secondly, to increase the intensity and absolute yield of neutron
radiation. The sharp decrease in the intensity of hard X-rays as a result of such
action, the occurrence of the above-mentioned effects only when the HPL and
REF pulses coincide in time and space and the nature of changes in the reflection
and scattering coefficients of the laser radiation — all these points argue in favour
of explaining the data as a whole on the basis of combined beam-laser heating of
the plasma [6].
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Abstract
EXPERIMENTS ON PLASMA FOCUS DYNAMICS, NEUTRON PRODUCTION AND ION
EMISSION.
Improved diagnostic methods, such as spatially resolved T e measurements, ten-fold
interferometry (N 2 -laser, FWHM «* 1 ns) and a Thomson spectrometer for ions were applied
to two Mather-type plasma focus devices (16 kV, 40 kJ; 60 kV, 28 kJ). In the compression
phase, extremely high heating rates leading to T e maxima of ^ 2 keV were observed. These
are explained by lower-hybrid drift induced turbulence. Correlations between neutron output
and m = 0 instability growth, in particular onset time, non-linear growth, and wavelength of
the instability, were found. The neutron source is located in the vicinity of the centre electrode
(Z « 0 — 40 mm; r « 0 — 5 mm) in decaying high-density plasma structures. High-energy ions
(D + up to 3 MeV and impurity ions up to about 14 MeV) are observed. They are probably
accelerated within very small ( 5 0.5 mm) regions close to the centre electrode.

Experimental studies on two Mather-type plasma focus devices were carried
out in order to improve understanding of neutron and ion-beam production for
further development of the plasma focus.

1.

COMPRESSION PHASE AND RADIALLY RESOLVED Te
MEASUREMENTS

The behaviour of the dynamic sheath and of the dense plasma column in the
compression phase was studied at the plasma focus device DPF 78 (28 kJ, 60 kV)
by space- and time-resolved measurements of the electron temperature and density.

* Fellow of the Alexander von Humboldt Stiftung, on leave from Institute of Nuclear
Research, Swierk, Poland.
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FIG.l. Radial electron temperature profiles at Z = 7 mm for p 0
compression t 0 and at t0 +10 ns. Detection limit 2 keV.

10 ton, taken at maximum

The electron density was obtained from two-frame holographic interferometry (At = 10 ns) using a N2-laser (FWHM = 1 ns, X = 337 nm). The measurements were performed with neutron-optimized electrode geometry at filling
pressures of p 0 = 2.5 — 15 torr. The data obtained with this 60-kV device are
similar to those observed for lower voltage devices. For p 0 = 10 torr they are
typically: radial sheath velocity vr = 2.5 X 10s m • s"1 ; a mass collection factor
of 5 — 10%; maximum density in the compressed plasma 5 X 1019 cm"3 with
halfwidths Ad = 1 mm and AZ = 6 mm; and a radial density gradient
d n / d r < 5 X 1020 cm' 4 .
The electron temperature was measured by analysing the bremsstrahlung
continuum radiation by the two-filter method, assuming a Maxwellian velocity
distribution of the electrons. Two double pinhole cameras equipped with 10-jum
and 25-fjtm Be filters, channel plates and phosphor screens were used. The channel
plates were pulsed for an exposure time of 1 ns and a time difference of 10 ns.
In the analysis of the photographically obtained emission pictures, which included
an Abel inversion, the features of the channel plates were taken into account.
These were the spectral sensitivity, the dependence of the sensitivity on the angle
of incidence of the radiation, the inhomogeneous amplification profile across the
channel plate, and the saturation limit for the plates in the device, as measured
experimentally.
Typical radial electron temperature profiles for at least 50% of the discharges
are given in Fig. 1. At the end of the compression phase, these temperature profiles
show maxima higher than 2 keV, maintained for only a short time, typically 10 ns.
The temperature rapidly decreases in the dense and re-expansion phases to values
of Te = 250 - 500 eV. In the other cases maximum temperatures of about 0.5 keV
only were measured.
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At the time of maximum compression, the balance between the kinetic
pressure in the column and the magnetic pressure is well maintained in both cases
described above. The validity of the Bennet relation and the strong heating of the
electrons, requiring high current and low conductivity, lead to the result that the
pinch current must contract to a minimum radius of approximately 1 mm.
The reason for the high electron temperature can only be seen in turbulent
heating since such high Te values cannot be explained by classical Ohmic heating
or by compression effects. As the Te value of 2 keV is reached within approximately 10ns, a heating rate >10 11 eV • s"1 is required. A comparison of growth
rates for various known instabilities shows that only the lower-hybrid instability
has a large enough growth rate for the given plasma parameters. As this instability
has never been calculated for Z-pinch geometry, a new dispersion relation was
derived [ 1 ]. From its analytical solution, growth rates, frequencies and wavenumbers for the range of maximum growth near k • r ce = 1 (k = wavenumber,
r ce = electron gyro-radius) were calculated. The turbulent heating rate was
computed according to R.C. Davidson [2], employing the thermodynamic method
for the saturation of fluctuation energy density, given by Fowler [3]. A current
of 500 kA flowing in a cylindrical shell of 5 mm radius generates a magnetic
field of 20 T. With these data and a maximum relative density gradient
| e n | = | Vn/n = 800 cm"1, there follows an electron drift velocity of 6 X 106 cm • s"1.
Assuming an initial temperature of Te = T¡= 100 eV and a density of 1019 cm"3,
one obtains the growth rate T/CO LH = 0.16 (COLH = lower-hybrid frequency
= 5.8 X 1010 s"1), wavenumber k = 8.4 X 103 cm"1, frequency co = 4.6X 1010s_1
« 0.8 co LH , and the anomalous heating rate [(3/3t)kT e ] an «* 2 X 1011 eV • s"1,
i.e. a sufficiently large value. This lower-hybrid instability occurs if | e n | is large
enough (|e n | > 100 cm"1 for the given plasma parameters). This means that,
with a lower relative density gradient, no anomalous heating should be observed.
It should be noted that a high fluctuation level in the compression phase has
already been observed at Limeil [4].

2.

NEUTRON PRODUCTION AND m = 0 INSTABILITY GROWTH

To analyse the influence of m = 0 instability growth on neutron production,
measurements were carried out at the Nessi device (16 kV, 40 kJ). For the
inherent shot-to-shot irreproducibilities, various diagnostic methods were applied
simultaneously, including: time-of-flight neutron spectroscopy (base length 72 m);
neutron source localization by paraffin collimators; magnetic probes and conventional neutron and X-ray measurements with Ag counters and scintillators. The
main diagnostic tool was a newly developed ten-channel Mach-Zehnder interferometer with 10 N2-laser (FWHM « 1 ns and fully variable time intervals). The
ten interferograms were precisely time-correlated to the other diagnostic signals.
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FIG.2. Ten interferograms from a single focus discharge (p0 - 3 torr, Yn = 1.8 X 109)
taken with A = 337 nm, exposure 1 ns (t — 0 for maximum compression).

Figure 2 shows a sequence of interferograms taken during one discharge at
p 0 = 3 torr. The neutron and the hard X-ray emission begin simultaneously when
the first instability breaks up the plasma column. The neutron yield Yn increases
during the subsequent rapid expansion of parts of the pinch and reaches a
maximum when relatively large plasma structures with n e of 2 X 1018 cm"3 to
5 X 1017 cm"3 occur. These correlations are fulfilled in all shots with normal
neutron yield, although the number of pinch break-ups (1 to 7) and their characteristics, such as onset time and growth, change considerably from shot to shot.
The following conditions seem to be favourable for high neutron yield:
(a)

Fast non-linear instability growth, leading to a total disruption of the
pinch;
(b) A short delay between maximum compression and the first break-up;
(c) A small number (1 or 2) of break-ups.
Occasionally a reconnection of plasma flares across the gap in the plasma
column is observed (Fig.2, t = 77 ns). When the polarity of the centre electrode
is reversed to cathode, the focus pinch does not normally exhibit m = 0 instabilities and the density decays in a slowly expanding plasma column within
100 — 150 ns. The neutron yield is strongly reduced by a factor of about 10 3 .
Very rarely, with reversed polarity also, does a break-up in the pinch occur. In
these cases Yn reaches considerably higher values.
A time-resolved neutron source localization was carried out with five 70-mm
slits in paraffin collimators shifted axially and radially. The signals were corrected
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for scattered neutrons using a difference method and a reference counter. At
optimum filling pressure p 0 = 3 torr, at least 80% of the neutrons are emitted from
a region Z = 0 — 40 mm and r = 0 — 5 mm. At the beginning of the neutron output
the axial emission profiles (Fig.3) are centred at Z ^ 20 mm. Later on, at peak
neutron output, the emission profile widens somewhat towards higher Z. It can
be seen from Fig.3 that the neutron emission centre stays close to the position
of the density maximum obtained from interferograms. Radially, the emission
profile is peaked on the axis. It has a FWHM of ^ 7 mm, which stays approximately constant in time. Time-of-flight neutron spectroscopy, end-on, gives signal
peaks at 2.7 MeV, corresponding to 60-keV deuterons in an on-axis beam-target
process. Assuming that the plasma current I p flows in the surface layer of the
dense plasma column, the plasma inductance L p and dL p /dt can be deduced from
the interferograms. Taking I p and dl p /dt from magnetic probes, the timedependent plasma resistance R p was calculated from the circuit equation:
dL p
p

dt

L 0 + L a c c + L p dl p
In

dt

where L 0 is the bank inductance, L acc the accelerator inductance, and some
terms are neglected.
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|dLp/dt| and R p reach peak values after the first break-up during the sudden
plasma expansion. R p m a x amounts to 0.3 - 0.5 Í2 in the post-break-up phase
of the pinch, indicating anomalously high plasma resistivity. The duration of the
resistive phase t a — tx « 20 ns is equal to about the risetime of the neutron pulse.
Model calculations show that the energy

W = IJ

Rp(t)dt^0.9kJ

imparted to the plasma is sufficient to explain the observed neutron yield, provided that this energy is used to accelerate deuterons to a reasonable energy
distribution with a mean energy of ^ 70 keV and a cut-off energy of 200 keV and
that these deuterons interact with the decaying dense plasma.

3.

STUDIES ON ION EMISSION

Energy- and space-resolved measurements on the fast ions of the Nessi focus
and of DPF 78 have been performed. Cellulose nitrate (CN) films were used as
detectors in two arrangements: (a) behind stereoscopic pinholes to localize the
ion sources; (b) in quarter-circle arrangements with direct impingement to study
the directional emission characteristics. A rough energy resolution was achieved
using Al foils as filters. The main results are:
Fast ions, predominantly deuterons with energies up to about 3.5 MeV,
are emitted into the whole front halfspace (the rear halfspace is not
accessible).
The emission is peaked in 6 = 0° direction.
The angular distribution dN/d0 drops two to three orders of magnitude with
increasing angle 6 and is strongly modulated in space (Fig.4).
The characteristics of the fast deuteron emission (spatial modulation, energy
distribution) vary considerably from shot to shot.
The highest yield of high-energy deuterons is observed at a lower pressure
than the maximum neutron yield, in agreement with Ref.[5].
Side-on ion pinhole measurements reveal that the high-energy deuterons
have usually only one or two sources located in the dense focus region
(r « 0 - 2 mm, Z «* 1 cm).
The sources have characteristic dimensions ^ 0.5 mm (Fig.5).
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FIG.4. Angular distributions of fast ions
dN/d0 in a single discharge, measured with
cellulose nitrate films covered with Al foils
for energy resolution. p 0 = 5 ton;
Y n = 5.5 X 109; electrode film distance,
20 cm.

FIG.5. Photographic reproduction of a
pinhole picture (50-\im Al foil) at
6 = 73°; p0=2.1 ton; Yn = 4.5X109;
pinhole 0.2 mm; 3MeV< E d < 3.6 MeV.

The ion beams emitted along the Z-axis were analysed with a Thomson
spectrometer equipped with a differentially pumped drift tube and a skimmer
placed at Z = 10 cm. Preliminary results reveal the emission of deuterons in the
energy range from E d « 50 keV (lower detection limit) to about 3 MeV, most
of them having energies below 1.8 MeV. In the spectrograms (Fig.6), impurity
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FIG. 6. Thomson spectrogram of a singlefocus discharge at po = 3 ton;
Yn «* 5 X 109, input diaphragm 1 mm i.d.

ions in various ionization states also appear, such as H+, N+ to N 7+ , 0 + to 0 8 + , and
in some low-pressure discharges also Cu+ to Cu3+. The total amount of all these
impurities (excluding H+) was estimated to be N¿/Nd < 10"3. The maximum
energy of the highly ionized ion species is in the 12 — 14 MeV range and appears
to be given approximately by E¡ «=» ZEd (Z-.charge number; E d = 1.8 MeV),
indicating that the fast deuterons and the impurities are accelerated by a common
process. The shift of Ei to higher values for impurities with lower Z can be
interpreted as a result of the step-by-step charge reduction of these ions in their
interaction with plasma and neutral gas.
4.

CONCLUSIONS

The experimental observations on neutron source location and neutron
spectra, as well as considerations of energy, seem to indicate that the main
mechanism for neutron production is a beam-target process in the decaying-focus
plasma. This process may be initiated by the first unstable break-up of the
plasma column, possibly leading to a plasma with an increased resistivity, where
a turbulent acceleration of ions occurs.
High-energy ions, deuterons as well as impurity ions, are obviously
accelerated in a few (one or two) very small regions located close to the anode.
The ions gain charge-dependent maximum energies of 1.8 — 14 MeV.
The role of turbulence in all these processes requires further investigation,
experimental as well as theoretical. A first step in this direction is the theoretical
explanation of the statistically-appearing extreme heating rates during plasma
compression by lower-hybrid drift induced turbulence..
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Abstract
RECENT PROGRESS IN DENSE PLASMA FOCUS.
Recent progress in plasma focus studies at Osaka University and Gunma University is described.
Energy is provided by 50-kJ, 50-kV and 24-kJ, 30-kV condenser banks. Holographic interferometry
by 2-ns ruby laser and framing interferometry by four TEA N 2 lasers provide time-resolved spatial
distribution of the electron density. At the end of the collapse phase, electron density reaches its
maximum, 4 X 10 18 /cm 3 , on axis. Maximum neutron emission was 9 X 10 9 neutrons/shot.
Rayleigh-Taylor instability was observed by ruby laser shadowgraphy at an early stage of the
implosion phase. During extraordinary mode CO2 laser irradiation, the fraction of backscattered
laser energy was reduced below 0.05% at peak compression. This reduction could be explained
as the result of upper-hybrid resonance absorption under a self-generated magnetic field.
Intense deuterons and protons in the plasma focus were recently observed by time-offlight measurement using silicon PIN detectors. The proton energy was cross-checked by the
particle track method, using cellulose nitrate films. High-energy electrons with pulse width
below 10 ns and energy greater than 300 keV were observed by hard X-ray emission. Electron
acceleration depended strongly on pressure, having a maximum at 2.5 torr, when the pressure
was lower than that for maximum neutron production (2.5 X 10 8 neutrons/shot at 5 torr). The
observed proton beam has 1.2 — 1.6 MeV energy and 10 ns duration.

1.

INTRODUCTION

The plasma focus, one of the complementary fusion devices between the 1OW-J3
tokamak and high-compression inertial fusion, is also very suitable for detailed
studies of non-classical processes in the absorption of intense laser light. There
has recently been considerable interest in the generation of intense high-energy
electron and ion beams in plasma-focus devices in relation to inertial confinement
fusion.
For good understanding of beam generation, correlations between the
macroscopic behaviour of plasma, including growth of MHD instabilities, and the
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beam generation should be investigated. This paper describes the correlation of
holographic and interferometric methods with neutron collimation measurement.
The interaction of laser light with dense plasma is also investigated.

2.

APPARATUS

Two Mather-type plasma-focus devices [1,2] with bank energy of 50 kJ and
24 kJ were used in the present experiment. The end face of the inner Cu
electrode (dia. 50 mm) was made hemispherical, and the tantalum rod (dia. 6 mm,
length 10 mm) was inserted at this end. The outer electrode consisted of 12 Cu
rods (dia. 8 mm) uniformly distributed over a diameter of 100 mm round the
inner electrode. A device with a hollow inner electrode was used for interferometric measurement.
A 2-ns-pulse ruby laser was used as a probe light for shadowgraphy and
holography [3]. To observe the macroscopic behaviour of the focused plasma,
a framing mode [4] and a streak-mode [5] Mach-Zehnder interferometer were
developed. Magnetic field profiles were measured by Faraday rotation [6].
A polarized TEA double discharge type C0 2 laser (100 J, 80 ns) was irradiated
orthogonally to the plasma-focus pinch axis [7]. The backscattering signal was
detected by a Ge:Cu IR detector.
High-energy protons were measured by the time-of-flight method using two
250-jum-thick silicon PIN detectors with a 15-jum Be filter, as shown in Fig. 1 [8].
|

| fj Neutron Detector
-P b (20mm)

to CRT

Be(15pm)

UllW

t0 pump

FIG. 1. Experimental arrangement of ion time-of-flight diagnostics.

Two detectors were located 1.8 m and 2.8 m from the anode at an angle of 0° to
the electrode axis. A third silicon PIN detector at 2.8 m without filter was used
to distinguish between the ion and hard X-ray signals. A cellulose nitrate film with
three aluminium filters of thickness 6.5 ¿im (threshold 550 keV), 10 ¿im (770 keV)

IAEA-CN-38/G-1-3

189

and 13 jum (925 keV), was also located 1.8 m from the end of the anode for
cross-checking proton energy by the particle-track method.
Three plastic neutron detectors were set 3.5 m from the plasma. Two of
them were used for neutron collimation observation and were located 28° and 90'
from the electrode axis. Another detector was used for total neutron flux
measurement without collimator at 90°.
Neutron energy has an angular distribution if the neutrons are produced
by D-D reaction between a deuteron beam and deuterons at rest [9]. When
the onsets are measured in two directions from the electrode axis, the energy
of the deuteron beams can be deduced from the time lag of both onsets (At),
which is caused by a difference in the time of flight. An advantage of this
method is that we need merely to observe At for the ion beam measurement.
The macroscopic behaviour of the plasma and the neutron collimation measurement were observed simultaneously.

3.

RESULTS AND DISCUSSIONS

The temporal variations of the radial electron density profile by Abel
inversion were estimated by holographic interferometry. At maximum
compression, peak density was 1.3 X 10 19 /cm 3 . According to the streak mode
interferogram, the plasma sheet had an electron density of about 5 X 10 17 /cm 3
and its half width was about 0.3 cm in the collapse phase. At the end of the
collapse phase, the electron density reached its maximum, 4 X 10 18 /cm 3 , on
axis, and maximum neutron emission was 9 X 109 neutrons/shot. At an early
stage of the implosion phase of the plasma focus, Rayleigh-Taylor instability
was observed by shadowgraphy. This instability disappeared in the pinch phase
and a stable pinch column of about 20 ns duration was formed. When C0 2 laser
irradiation was in the extraordinary mode, backscattered laser energy was
reduced below 0.05% at peak compression. When irradiation was in the ordinary
mode, backscattered laser energy was nearly constant. This reduction could be
explained as the result of upper-hybrid resonance absorption under a selfgenerated magnetic field [7].
The high-energy protons were measured under plasma-focus conditions of
30 kV, 18 kJ, in a H2 gas pressure of 3.4-5.8 torr. Figure 2 shows oscilloscope
traces of the silicon PIN detectors at 1.8 m (upper) and 2.8 m (lower). The first
and second peaks are X-rays and the third set of peaks are protons. From these
results we can estimate that the proton is emitted over a period of 17 ns and its
energy is 1.2 MeV. Energy spectrum width is about 30 keV. The protons and
the hard X-rays are generated nearly simultaneously at peak compression, when
dl/dt peaks. It was also found that the soft X-ray below 1 keV starts 30 ns
before the main hard X-ray emission. Results on cellulose nitrate films show
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FIG.2. Silicon PIN detector signals with
15-p.m-thick Be filters located 1.8 m (upper)
and 2.8 m flower) from the anode in the
axial direction. Focus: 30 kV - 18 kJ;
4.2 torr H2 ; 50 ns/div.

FIG.3. Pressure dependence of neutron
yield and hard X-ray intensity. The
applied voltage is 30 kV.

that the proton energy spectrum broadens to more than 925 keV and that the
track density of the proton is above 10 6 /cm 2 . Since the hard X-ray is emitted
from the anode tip as a result of electron bombardment, high-energy electrons
of pulse width below 10 ns were analysed by hard X-ray (> 300 keV) emissions
observed by the silicon PIN detector with a 1-mm-thick lead filter located at
2.8 m. As shown in Fig. 3, electron acceleration depended strongly on deuterium
pressure, and was greatest at 2.5 torr at pressure lower than that for maximum
neutron production (2.5 X 108 neutrons/shot).
Typical neutron signals, discharge current and a series of framing interferometric observations from the collapse to the decay phase are shown in Fig. 4.
Time zero is taken to be the instance of the minimum radius of the collapsed
plasma, which is observed by an image converter camera in streak mode 1 cm from
the inner electrode. Figure 4(a) shows the plasma constricted for 1 cm from the
face of the inner electrode. Then a disturbance, which seems to be a m = 0
instability, appears in frame (b). In frame (c), the plasma column is extremely
constricted for 0.2 cm and the plasma expands on both sides of the constricted
region. The plasma column is partly decayed, as shown in frame (d).
It is seen that the half width of the neutron signals with collimator is much
shorter than that without collimator. The onset of the signal at 28° from the
electrode axis appears about 50 ns after the maximum collapse of the plasma, if
we take the time of flight into account. The signal at the 90° detector has an
onset with a time lag of 20 ns compared with the one at 28°. After correction
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signals.

of each time of flight, the onsets of the signals in both angles coincide with the
decay of the plasma column through the MHD instability shown in frame (d) in
Fig. 4. The signals at both angles were observed even at 8 cm from the face of
the inner electrode, where the plasma did not at that time exist. This suggests that
the neutrons are produced by a beam target mechanism and that the deuteron
beam is generated with the decay of the plasma column. From the time lag,
we can estimate the energy of the beam, E b . The lag, 20 ns in Fig. 4, indicates that
Efc = 350 keV. Ion beam energies ranging from 10 keV to 1.5 MeV were observed.
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SUMMARY

Holographic interferometry and shadowgraphy by ruby laser were used for
electron density distribution of the plasma focus.
Upper-hybrid resonance absorption was clarified by C0 2 laser light irradiation
to the pinch column.
An energetic proton beam with energy up to 1.5 MeV and pulse duration
below 17 ns were observed by the time-of-flight method.
The proton energy was cross-checked by use of cellulose nitrate films.
Generation of the deuteron beam coincided with the decay of the plasma
column, which was caused by growth of MHD instabilities.
The half width of neutron signals with collimator was much shorter than
that without collimator. Neutron signals were obtained from the region where
the plasma did not exist (z > 4 cm).
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DISCUSSION
ON PAPERS G-l-1 TO G-l-3
K. SATO: I would like to know the main purpose of these studies and
to hear your opinion about the future of the dense plasma focus. From the
viewpoint of physical understanding, the phenomena involved are extremely
complex and these devices do not seem very suitable for fusion purposes. Neither
do they look very promising as neutron sources for fusion reactor materials
testing.
H. HEROLD: The purpose of the studies was to gain an improved understanding of the physical processes in the plasma focus, particularly with regard
to high-intensity neutron emission. The complexity of the physical phenomena
involved is inherent not only in the plasma focus but also in all fusion devices
and should not be used as an argument against this particular work. With respect
to the objectives, I would say that the focus is one of the simplest, yet most
efficient, fusion devices. It is rugged and compact, has no magnetic field coils,
and its performance is rather insensitive to impurities. The Q value (fusion
energy/total input energy) for the present experiments is orders of magnitude
higher than those of the laser-pellet or REB-pellet experiments and is even higher
than the best tokamak results. The scaling for the neutron yield of the focus is
very favourable (Y ~ l£, I p = pinch current) and has now been established for
devices with stored energies up to about 500 kJ. These large devices do not show
any significant change in physical properties in comparison with small devices.
The scaling is therefore meaningful. Uses of focus devices envisaged at present
are as neutron generators, hybrid reactors and sources of high-intensity highenergy neutron beams.
H.A.B. BODIN: I have sometimes wondered about the relationship between
the plasma focus and the old unstabilized Z-pinch. For example, in the Mather
focus, m = 0 instabilities were thought to be associated with neutron production,
which was also the case in Z-pinches. In your report on paper CN-38/G-1-1 you
said that the authors themselves had suggested a mechanism for neutron emission
similar to that in the old Z-pinches. Could you comment on this?
H. HEROLD: The plasma focus is basically an unstabilized Z-pinch, but on
a closer look, there are many significant differences. The focus has a 'fountain shaped' surface, axial flow, higher densities and higher density and temperature
gradients. In the focus, many parameters are 'enhanced' by several orders of
magnitude, for instance the radiation fluxes of neutrons and photons. Also, the
time scales are considerably shorter. The neutron production mechanism was
never resolved for the Z-pinch. In some reports an inductive acceleration of ions
in the m = 0 pinch disruptions was suggested and analysed theoretically. Your
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question about the similarity of neutron production mechanisms in the focus
and the Z-pinch cannot really be answered, because the details of the mechanism
in the focus have not been resolved (despite much more sophisticated measurements)
and because there are insufficient data from the old Z-pinches. The comment in
paper CN-38/G-1-1 refers to a suggested mechanism responsible for the generation
of MeV ions in the focus; this could produce neutrons via ion acceleration in the
Z-pinch. The process in question is the decay of current-carrying plasma filaments
parallel to the axis.
H. CONRADS: With reference to the same paper, how many particles are
accelerated up to energies of 1.5, 2.5 and 3.5 MeV?
H. HEROLD: No detailed information on this is given in the paper.
However, relevant measurements (dN/d0, parameter E) were performed in
Stuttgart. The results are given in Fig. 4 of paper CN-38/G-1-2 for a 60-kV,
28-kJ Mather-type focus device.
H. CONRADS: What was the observed energy of the highly stripped Cu
ions?
H. HEROLD: The maximum energy of the occasionally observed Cu3+ ions,
as determined by Thomson-analyser measurements in Stuttgart, was about 6 MeV.
Highly stripped Cu ions were found from spectroscopic measurements in the LV-2
device at the Kurchatov Institute. They probably exist in the hot spots of the
focus plasma.
J.P. RAGER: How does the neutron production time compare with the
transit time for fast deuterons in the neutron production region?
H. HEROLD: The neutron production time (in paper CN-38/G-1-2) is about
a factor of ten greater than the time for direct transit of the ions through the
focus plasma. But such a comparison is not very meaningful in trying to identify
the neutron production mechanism. The real ion paths in the magnetic fields
and the duration of the ion generation process have to be taken into account.
Since the m = 0 disruptions, which may lead to ion acceleration, mostly appear
in sequences separated by about 10 ns, the neutron production time of 60 ns
is more or less reasonable.
J.P. RAGER: You mentioned a very high pinch resistance of the order of
0.3Í2. This value is obtained in a very indirect way. In particular, the evaluation
of dL/dt is especially delicate. Is there not a contradiction between the
assumption made for its evaluation and the possibility you mentioned that
magnetic structures could play an important role?
H. HEROLD: Since flux conservation is well satisfied for the time scales in
question, the method given in paper CN-38/G-1-2 for current mapping from the
sequence of interferograms is sufficiently exact to deduce dL/dt in certain phases
of the discharge. A contradiction would arise only if sizeable fractions of the
total pinch current flowed in the substructures. This is very unlikely. The substructures cannot be detected in the interferograms.
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S. LEE: I would like to comment on the question of estimating the focus
resistivity during the compression phase from the electrically measured rate of
change of inductance. The model used by the Stuttgart group uses a simple
snowplough-type sheath for the current. Instead of this sheath model, it would
be possible to use an on-axis model as soon as the radius becomes small enough
(as determined, for example, from an examination of the magnetic Reynold's
number). Such an on-axis model might assume a uniform current density or a
Bennett-type distribution. I believe the inclusion of such an on-axis model
would increase the estimated resistivity over the period just before and during
the peak compression phase.
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Abstract
GENERATION AND DIAGNOSTICS OF ENERGETIC PARTICLES AND PLASMAS
IN FOCUS DEVICES.
Plasmas produced in focus devices constructed at the Central Institute of Physics,
Bucharest, have been investigated in order to determine the structure and parameters of
the plasma sheath in the axial acceleration and radial collapse stages and the relationship
between neutron production and energetic ion generation. Magnetic probes and optical
spectroscopy have been used to study the plasma sheath. A direct energy analysis performed
on the plasma ions, combined with hard-X-ray and neutron measurements, provided
information on the possible mechanism of neutron generation. It is concluded that neutron
generation in low-energy plasma focus devices is due to a beam-target interaction mechanism.

1.

INTRODUCTION

The experimental and theoretical studies carried out on plasma focus
devices at the Central Institute of Physics, Bucharest, have as their main
objectives: (a) the construction of an overall physical picture for the operation
of a plasma focus device; (b) the development of engineering characteristics
of these devices; and (c) feasibility studies for certain applications such as
neutron sources for material testing, high-intensity X-ray flashes, high-current
heavy-ion sources [1 ]. Three plasma focus devices of increasing stored electrical
energy have been constructed and a number of standard diagnostics techniques [2]
and theoretical models have been developed as part of a research programme
begun in 1971.

* Work supported by Romanian State Committee for Nuclear Energy under
Contract No. 124.
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TABLE I. PRINCIPAL ELECTRICAL AND MECHANICAL
CHARACTERISTICS OF PLASMA FOCUS DEVICES CONSTRUCTED
AT THE CENTRAL INSTITUTE OF PHYSICS, BUCHAREST
Device
Parameter

IPF-1/4

IPF-2/20

IPF-3/50

Nominal operating voltage

U(kV)

Stored electrical energy

W(kJ)

4

20

50

Short-circuit max. current

Imaxjjc (kA)

143

730

1900

External inductance

Lext (nH)

250

60

25

20

20

20

Electrode dimensions:
Length (inner electrode)

£ e (mm)

200

130

150

Outer electrode diameter

D 0 (mm)

84

84

155

Inner electrode diameter

Dj(mm)

Electrode material

43
Copper

48
Copper

100
Stainless steel

Plasma physics research performed during recent years has concentrated
on two main problems:
Study of plasma sheath structure and parameters during run-down and
collapse stages, and
Study of the characteristics of the ion plasma components and their relation
to neutron production.
Other work, less extensive, dealt with the interaction of high-power laser
beams with the plasma focus [3], study of soft and hard X-ray emission [4], and
the influence of an external magnetic field on plasma focus parameters [5].

2.

PLASMA FOCUS DEVICES

Three Mather-type plasma focus devices, designated IPF-1/4, IPF-2/20
and IPF-3/50, with stored electrical energy of 4, 20 and 50 kJ, respectively, have
been designed and constructed. Their principal electrical and mechanical
parameters are presented in Table I. All three devices can operate with either
hollow or massive end (heavy alloy) inner electrodes. Pyrex glass insulators have
been used so far, but other insulator materials are envisaged. The energy stored
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in the condenser banks is transferred to the discharge chamber by coaxial cables,
the electrical circuit being closed by gas-discharge switches (field distortion
switch for the smaller device, and atmospheric-pressure swinging-cascade
switches for the larger ones).

3.

PLASMA SHEATH STUDIES

The plasma sheath axial acceleration between the two coaxial electrodes
of the IPF-1/4 device was studied using magnetic probes. The working gas
pressure and voltage were varied in the range 0.6-10 torr and 10 16 kV,
respectively. The following main results were obtained:
The plasma sheath reaches a steady-state motion soon after the beginning
of run-down; the steady-state propagation velocity has values in the range
(3--11) X 106 c m s - 1 for the specified range of voltages and pressures.
The thickness of the plasma sheath slightly increases with time. Typical
values far the sheath thickness are in the range 3 5 cm.
An azimuthal magnetic field is detected in front of the plasma sheath.
This diffused magnetic field increases with increasing working gas pressure.
The radial collapse in front of the inner electrode was studied by means
of optical spectroscopy combined with laser beam deflection. The latter was
used to specify both the time and space origin for these measurements [6].
The hydrogen continuum emission at X = 454.4 nm and X = 351.5 nm (on both
sides of the Balmer discontinuity) was detected at different radii in a plane
perpendicular to the electrode axis, at a distance of 1 cm from the inner
electrode end. By applying the Abel inversion method, the light-intensity
spatial distribution in the collapse region was obtained at various time intervals.
The electron temperature was determined from the ratio of intensities at the
two wavelengths, while the electron density was determined by measuring the
absolute continuum intensity at X = 454.4 nm.
The resulting radial distributions (Fig. 1 ) indicate the existence of plasma
regions of maximum electron temperature and density that propagate towards
the electrode axis. Maximum values for temperature and density are also seen
near the outer electrode, in agreement with MHD calculations [7]. As the
moment of pinch formation is approached, the electron temperature on the
axis increases rapidly and the Balmer discontinuity method can no longer be used.
The experimental results were compared with theoretical models for
axial plasma sheath propagation. A two-dimensional snowplough model [8]
describes the axial, interelectrode, propagation stage starting from a given initial
shape of the current sheath. Reasonable agreement between theoretical
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(a)
] typical error bar

typical error bar
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FIG.l. Radial distributions of electron density (a) and electron temperature (b) at various
times in the plane Z-l,
perpendicular to the electrode axis. The time when the plasma
sheath reaches the Z = 0 plane is taken as the time origin. (IE is inner electrode; OE is
outer electrode.)

(9 X 106 cm • s _1 ) and experimental (11 X 106 cm • s - 1 ) values for the axial
sheath velocities was obtained. Preliminary experimental results confirm the
geometrical shape of the plasma sheath as derived from a two-dimensional
analytical fluid model. The geometrical shape of the plasma sheath can be
uniquely determined in this model by conditions specified at the inner
electrode surface.

4.

STUDY OF PLASMA FOCUS ION COMPONENT

In an attempt to obtain experimental data on the physical mechanisms
responsible for the energetic ion production in the plasma focus and to determine
their relation to the neutron emission, a direct energy analysis on the ions
escaping from the plasma was carried out. Ions propagating along and about
the electrode axis were analysed.
4.1. Experimental set-up and measuring technique
The plasma ions were analysed by a method combining electrostatic
deflection and time-of-flight separation. The experimental set-up is presented
in Fig. 2. Charged particles escaping from the plasma enter the drift tube
through a system of diaphragms, which also ensures the vacuum separation
between the drift tube (10~3 torr) and the discharge chamber. Distances and
vacuum conditions are chosen such that the interaction of analysed ions with
the working gas can be neglected for energies above 5 keV.
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Cross-section

FIG.2. Experimental set-up for plasma ion analysis.
(1) Plasma focus electrode system
(2) Drift tube
(3) Electrostatic analyser entrance aperture
(a)
(b)
(4) Deflection voltage feed-through
(5) Analyser exit aperture
(6) Ion-electron converter voltage feed-through
(7) Photo multiplier
(8) Scintillator
(9) Entrance diaphragm system
Inset: (a) Exit aperture for monoenergetic ion measurements; (b) exit aperture for
broad-energy-range ion measurements.

Flight bases of 1 20, 1 82 and 192 cm can be ensured. The parallel-plate
electrostatic analyser has an entrance aperture 1 mm high. The energy
resolution of the analyser is AE/E = 0.05 and the relative error in the
estimation of the flight base is about 2%. The ion-detector system is made
up of entrance aperture, a "venetian-blind" ion-electron converter [9], plastic
scintillator with aluminium coating and photomultiplier.
The ion measurements were performed together with the recording of the
hard X-ray pulse, which was considered as the time marker. Monoenergetic
ion pulses were detected by placing one or two 1-mm-high apertures in front
of the ion detector, while a broad energy range (1 5-120 keV) was recorded with
a 35-mm-high aperture. Most of the measurements were carried out with the
analyser directed along the electrode axis.
4.2. Experimental results
The ionic component measurements were performed for working gas
pressures in the range 0.7-1 torr and voltages in the range 16—17.5 kV.
An analyser working in the monoenergetic mode was used to determine
the impurity level (especially copper) and the time and amplitude characteristics
of the ion pulses at various energies. During work with a massive-end inner
electrode, appreciable fluxes of highly ionized copper ions were detected [10].
These disappeared below a detectable level during work with a hollow
inner electrode.
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<a)

(b)

(c)

FIG. 3. Typical oscillograms for plasma ion measurements: (a) 7-keVproton pulse. Flight
base is 120 cm. (b) 70-keVproton pulse. Flight base is 182 cm. (c) Broad-energy-range
(15-120 ke V) ion analysis record. Flight base is 120 cm.

With the analyser in the monoenergetic mode, the energy range from
5 to 200 keV was scanned. Reproducible ion emission is recorded up to
about 100 keV. Ion pulses were detected up to an energy of 200 keV, but
their reproducibility is very poor.
Two typical monoenergetic ion pulses are shown in Fig.3(a) and (b).
Figure 3(a) shows that 7-keV protons are produced during a time interval of
about 350 400 ns, their emission showing two peaks 150-200 ns apart.
These features are characteristic of monoenergetic pulses with energies less
than about 40 keV. The lower-energy ions are detected independent of the
existence of hard X-rays. For energies higher than 40 keV the ion production
time is shorter and has values in the range 40-80 ns, FWHM (Fig.3(b)). When
taking into account the time of flight, one finds that monoenergetic higherenergy proton production occurs simultaneously with hard X-ray production.
Hard X-rays and high-energy ions have always been detected together in
these experiments.
By using a large aperture (35 mm high) in front of the detector, protons
with energies in a broad range were detected on a single discharge. When
corrected for time of flight and finite-ion production time, these measurements
yield the proton energy spectrum on a single shot. A typical record of such
a measurement covering the energy range 15—120 keV is shown in Fig.3(c).
Two peaks at approximately 30 and 50 keV can be seen. The energy ranges of
these two peaks, as determined from a large number of experiments, are
20-30 keV for the lower-energy protons and 50-70 keV for the higherenergy protons.
Experiments carried out with deuterium as the working gas led to results
very similar to those obtained for hydrogen discharges. Thus a broad maximum
at higher energies was determined, which again extends from 50 to 70 keV.
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NEUTRON MEASUREMENTS

Neutron measurements coupled with ion (deuteron) and hard X-ray
detection have been carried out using scintillator-photomultiplier assemblies
as neutron detectors. Deuteron energy analysis was performed using the
experimental set-up described above and sketched in Fig.2.
5.1. Relationship between neutron and deuteron yields
The neutrons were detected by a scintillator-photomultiplier assembly
placed at 90° to the electrode axis. The deuteron energy analysis was
performed by the method described above. A typical oscillogram showing
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FIG. 4. Neutron and fast (80-ke V)
deuteron oscillogram.

the neutron and deuteron signals is shown in Fig.4. From an analysis
of experimental results it follows that:
(a) An obvious relationship exists between the neutron and fast (energy
range 40 — 100 keV) monoenergetic ion yields: the neutron yield increases
with increasing ion yield.
(b) For monoenergetic deuterons below about 40 keV the above
relationship was no longer found. Morever, for energies less than 10 keV the
neutron yield is found to decrease with increasing intensity of deuteron signals.
5.2. Spatial origin of neutron emission
The spatial origin of the neutron emission was studied by means of a
"shadow" technique (the experimental set-up is shown in Fig.5). Detector Dl
is used to record the neutrons emitted at 90° from the region unobstructed
by the paraffin block. A second detector, D2, is directed along the electrode
axis and its output is used to normalize the signals from Dl. The two signals
recorded on a typical oscillogram are shown in Fig.6. The experimental results
show (Fig.7) that the neutrons are emitted over a distance practically equal
to the axial length of the discharge chamber, the neutron yield per unit axial
length slightly decreasing with the distance to the electrode end. A time
interval between neutron signals at Z = 0 and Z = 10 cm was measured and this
proves the existence of a "propagation" process with a speed of 2.5 X 108 cm-s"
This represents an energy of 60 keV for deuterons, which corresponds to the
peak detected by energy analysis.
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FIG.5.

Plasma focus electrode system
Discharge chamber
Horizontally moving support table
Pb screen
Photo multiplier
Scintillator
Paraffin block

Experimental set-up for "shadow" technique neutron

measurements.
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FIG. 6. Typical neutron signals for
"shadow" technique measurements.
(A) Output of detector Dl placed at
Z = 8cm; (B) Output of detector D2.
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FIG. 7. Axial dependence of neutron
emission intensity.
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FIG. 8. Influence of a metal disc on
neutron and hard-X-ray emissions:
(a) ¿disc = 1 cm; (b) Z d i s c = 8 cm.
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By means of a metal (copper) disc placed on the axis at various distances
from the inner electrode end, a different evolution for the neutron and hard
X-ray emissions was observed (Fig.8). The neutron yield was strongly affected
as the disc approached the electrodes. At a distance Z = 1 cm the neutron yield
was reduced to less than 1%, while the hard X-ray emission remained
practically unchanged.

6.

CONCLUSIONS

Experimental investigations on plasma sheath evolution during the axial
interelectrode propagation and radial collapse provided information on both
the sheath structure (thickness, shape, magnetic field distribution) and the
parameters of the plasma (density, temperature). The dynamical evolution
of the plasma sheath is well described by a two-dimensional snowplough model,
while some structural characteristics are fitted by an analytical fluid model.
Examination of the results of direct energy analysis performed on the
ion plasma component in correlation with hard X-ray and neutron measurements
has led to the following conclusions:
( 1 ) The hard X-rays and the high-energy ions are produced in the plasma
focus device by a unique mechanism of acceleration in electric fields;
(2) There is an obvious relationship between the neutron yield, the
intensity of hard X-ray emission and the generation of high-energy ions.
These conclusions and other experimental investigations [11 ] on neutron
emission in our plasma focus devices indicate the existence of a beam-target
mechanism in low-energy focus devices operating at low pressures. Other
mechanisms make a negligible contribution to neutron production.
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DISCUSSION
H. SCHMIDT: Could you comment on the accuracy of the electron
density measurements? The values, if they refer to the pinch, seem to be two
orders of magnitude lower than those usually found by interferometric or beam
deflection methods.
V. ZOITA: In these experiments we did not determine the final electron
density in the pinch. For the measurements carried out during the collapse
phase, the accuracy is illustrated by the typical error bar in Fig. 1(a).
M. SADOWSKI: I have a question about your ion measurements. You claim
that there are no ion signals above 200 keV. The measurements performed with
comparable facilities at Stuttgart and at the Kurchatov Institute show some
ions with energies above 1.5 MeV. Perhaps your results were limited by the
diagnostic technique applied?
V. ZOITA: Our ion analysis system had an upper energy limit of about
200 keV. However, I would like to stress again that in our experiments the
emission of ions with energies above 100 keV is characterized by a very
poor reproducibility.
W. BOSTICK: At Berchtesgaden four years ago I was prompted to ask why
communications were so poor between tokamak workers and plasma focus
workers. Now I am obliged to ask why communications are so poor amongst
plasma focus workers themselves. At least six years ago it was shown at Lawrence
Livermore Laboratory (by nuclear activation) that the plasma focus produced
deuteron beams with energies up to 5 MeV.
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We must not forget the role of the fine structure of the plasma vortex
filaments in the interpretation and explanation of the experimental effects.
The space and time resolutions in the study of the fine structure have recently
been extended by another order of magnitude. Plasma vortex filaments in the
relativistic electron beams from the plasma focus have now been observed with
diameters down to 0.5 jum. Measurements indicate that the time needed for
such a filament to make its mark on a witness plate is less than 1 ns.
V. ZOITA: Concerning the first part of your comment, I can only repeat
that we carried out ion measurements for energies below 200 keV; this cannot
be done by nuclear activation.
H. CONRADS: Do you have any information about the angular
distribution of ions of 5 10 keV and 50 keV energy?
V. ZOITA: Most of our measurements were along the discharge axis.
We have only preliminary results from measurements carried out up to an
angle of 1 2° (which is the maximum angle accessible without breaking the
vacuum) and also at 90°. These results indicate that ions are emitted within a
cone having a half-angle of at least 1 2° and that no ions with energies below
200 keV are detected at 90° to the discharge axis.
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Abstract
EXPERIMENTS ON NEUTRON PRODUCTION PHASE OF FRASCATI 1-MJ PLASMA FOCUS.
Experiments carried out on neutron emission properties and plasma dynamics during the
neutron production phase show that the properties of the neutron emission are essentially the
same as those observed in the past at lower energy levels and that the neutron spectrum features
are insensitive to changes in regime, energy or geometry. 70% of the neutron emission comes
from stable plasma structures observed in the pinch region whereas 30% comes from a diffuse
cloud of larger axial and radial extensions. It is shown that the neutron anisotropy is a property
related to the beam activity, which diminishes as the energy level increases. The physical
implications of these results are discussed.

1.

INTRODUCTION

Extensive experimental measurements carried out in 1979 [1] on the
properties of high-energy deuteron beams, though documenting the existence of
a beam-optimized regime at low filling pressures, drastically redimension the role
and importance of these beams in the production of neutrons on large plasma
focus facilities through the effect of the beam target on the background gas. This
revives the necessity for further basic studies of the neutron production mechanisms
and for invoking more refined schemes.
The purpose of this paper is to demonstrate that most of the properties of
the neutron emission measured on devices of limited energy levels [2,3] are
essentially unaltered at large energies (spectral properties, space location of
neutron source), and that such observations coupled to correlated evidence
found in plasma dynamics (observed with optical techniques) substantiate the
fact that a true scaling occurs, which conserves the main spectral properties of

* CNEN Fellow, on leave from University of Buenos Aires, Argentina.
** Fellow of CNIT, Argentina. Permanent address: University of Buenos Aires, Argentina.
§
CNEN Fellow.
^ Euratom Fellow. Permanent address: University of Heidelberg, Fed. Rep. Germany.
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the neutron emission while increasing the particle content, burn time and plasma
dimensions. The neutron fluence anisotropy is shown to be a property essentially
related to the existence of fast escaping particles, whose relative contribution to
the neutron yield is small and tends to vanish as the level of the stored energy is
increased.
The plasma dynamics at high energy levels shows the formation of long-lasting
plasma blobs of fairly large dimensions with a lifetime coinciding with the decay
of the neutron emission in this zone. This must be related to previous observations
on devices operating at lower energy levels [4]. Comments on the duration of the
burn, the spatial and temporal stabilities of the plasma structures and their
relations to the dynamics of the primary neutron source and its spectral features,
suggest the existence of relaxed plasma states and trapped particles.

2.

NEUTRON EMISSION PROPERTIES AT HIGH ENERGY LEVELS

The energy spectra, the fluence anisotropics, the space localization and
duration of the neutron emission at different energy levels (250, 400, 500 kJ)
are studied as a function of the regimes of operation (low-filling-pressure beamoptimized regimes, or high-filling-pressure neutron-optimized regimes) and
geometries (large-diameter hybrid Filippov-Mather, or small-diameter typical
Mather-type geometries). The influence on these properties of the insertion of
an obstacle at different distances from the anode tip has been used as a cross-check.

2.1. Neutron spectra
Neutron spectra have been determined by the nuclear emulsion techniques
for neutrons emitted along or at right angles to the Z-axis of the experiment
(end-on and side-on respectively). The results show that (Figs 1, 2 and 3):
(a) Side-on neutron energy histograms of the entire neutron emission
do not depend on: (i) the absolute neutron yield at fixed charging voltage U 0 ,
filling pressure p 0 or anode radius R 0 ; (ii) the geometry of the anode for fixed p 0
and U 0 , the filling pressure (beams or no beams) for fixed U 0 and R 0 ; (iii) the
absolute energy level in the range of regular scaling of the neutron yield Y,
where Y c c l £ ( l p i s the pinch current).
(b) End-on neutron energy histograms of the whole neutron emission
are characterized by a line shift at 2.8/3.0 MeV which does not depend on V 0 ,
p 0 or R 0 . In fact, in beam-optimized regimes one observes a more structured
histogram on the high-energy side of the line with a higher concentration of
fast neutrons than for neutron-optimized regimes.
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A study of the neutron spectra side-on and end-on has been carried out
for the neutron source localized in the pinch zone, suppressing secondary neutron
emission occurring elsewhere by inserting a solid insulated obstacle at Z = 6 cm.
FWHM side-on is unchanged as compared to the whole neutron emission spectrum,
while a strong alteration is observed in the end-on spectrum, which reveals a line
at 2.5 MeV well detached from the usual end-on line shift at 2.8/3 MeV (see Fig. 3).
2.2.

Neutron fluence anisotropics

Neutron fluence anisotropics have been measured using both calibrated
neutron counters (activated Ag-GM tubes) and nuclear emulsion plates (NEP).
The NEP are distributed along a circumference of radius R = 75 cm, at
angles 0° (end-on), 20°, 40° and 90° (side-on); the GM counters are placed
further away (R ¡> 2.5 m). Results show:
(a) The existence of a clear anisotropy cut-off coinciding with the beam
cut-off as the operating mode is switched from the beam-optimized to the
neutron-optimized mode, by increasing p 0 at constant U 0 , whatever the geometry
(Fig. 4).
(b) Anisotropy fluctuations at low p 0 are shot-to-shot correlated with both
the d+ beam and the hard X-ray intensities, but not with the neutron yield.
(c) A comparison between anisotropy measurements carried out with NEP
and GM tubes shows, whatever the geometry, an excellent agreement in neutronoptimized regimes and discrepancies in beam-optimized regimes, correlated
with beam intensities, attributable to the very different aspects of the neutron
source, as seen from the detectors (Table I). The discrepancy is justified by
extended-source corrections, in which we assume that the source corresponding
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TABLE I. COMPARISON BETWEEN ANISOTROPY MEASUREMENTS
(0°/90°) WITH GM COUNTERS (Ag ACTIVATION) AND NUCLEAR
PLATES (NEP)
A/GM

A/NEP

Large $

1.08

1.07

250 kJ, 2 torr

1.10

1.15

Small $

1.07

1.15

Large <J>

1.19

1.6

250 kJ, 0.5 torr

1.3 ± 0 . 1

1.8 ± 0 . 5

Small *

1.37

1.3 ± 0.35

250 kJ, 1 torr

1.34

1.7 ± 0 . 6

Conditions
Neutron-optimized:

250 kJ, 3 torr
Beam-optimized:

FIG.4. Neutron fluence anisotropy
compared with deuteron beam intensity
(Ed > 330 ke V) versus filling pressure.
Small-diameter system 20 kV, 250 kJ.

to the beam target is distributed uniformly along the axis, while the main
neutron source is a point source with a low anisotropy.
(d) For neutron-optimized regimes, the anisotropy (low) decreases with
an increase of the level of stored energy, and has a very small standard fluctuation
shot to shot (Table II).
(e) Large-diameter systems, with higher beam production potentialities [ 1 ]
at identical energy level, have larger anisotropics.
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TABLE II. NEUTRON FLUENCE ANISOTROPY (0°/90°) VERSUS BANK
ENERGY

Statistical fluctuations
250 kj

20 kV

3 torr

1.11 ± 0 . 0 2

390 kJ

25 kV

6 torr

1.05 ± 0.01

500 kJ

28 kV

8 torr

1.00 ±0.01

It can be concluded that the neutron-source anisotropy is an insignificant
property, related to the existence of a weak beam activity, which tends to
vanish at higher energy levels.
2.3. Neutron source localization
The absence of detectable perturbations in the proton track recoil angle
distributions in NEP at small angles and the insensitivity of anisotropy measurements to source-detector geometrical aspect already demonstrate that, in the
neutron-optimized regime, most neutrons are emitted within a few cm of the
anode tip. Direct determination of this localization has been performed by
adapting a neutron-imaging technique described in Ref. [5]. High neutron yields
allow single-shot determinations of the neutron image. The neutron pinhole is
coupled to a 1-D detecting array of six channels which gives a space resolution
of 2 cm at the source. It can be oriented to provide either axial or radial
profiles and is time-resolved (plastic scintillators + phototubes). Results show that
for neutron-optimized regimes, whatever the energy level:
A main neutron source (70%) is localized within 5 cm of the anode tip.
A secondary detached maximum exists at 8 < Z < 10 cm.
A negligible quantity of neutrons is produced at 12 < Z < 24 cm.
(Z, t)-streak images of the neutron emission, reconstructed by computer,
show that the neutron source does not drift up as a whole (Fig. 5). Figure 6 shows
the average Z-distribution of neutron yields for four shots at 28 kV, 500 kJ,
8 torrD 2 .
Radial scanning shows that during the neutron risetime, the radial profile
is peaked on the axis, then squares off and decreases in intensity during the
neutron decay time, without noticeable increase in radial extensions (Fig. 7).
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Neutron yield variations induced by inserting an obstacle at different
distances along the Z-axis confirm the Z-extension of the neutron source and do
not perturb the neutron production in the pinch.
The radial extension of the secondary source is larger than > 6 cm.
It can be concluded that neutron source localization confirms that 70%
of the neutrons come from the pinch zone, as is seen at lower energy levels
in Ref. [3], and that the neutron source localized above Z = 8 cm is presumably
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FIG. 7. Radial distribution of neutron
intensity at different times (single shot,
28kV,500kJ,8torrD2).

associated with a stream of deuterons originating from the pinch zone and
spreading into the upper part. However, the low anisotropy of the total emission
makes it difficult to give an interpretation based on beam-target effects, despite
the existence of the line-shift in the end-on neutron spectrum.

3.

PLASMA DYNAMICS DURING NEUTRON PRODUCTION IN THE
PINCH ZONE

This is the first report on the study of plasma dynamics at high levels of
stored energy. Classical imaging techniques are used:
'

Three-frame shadow technique ( 18 ns between exposures, 2 ns exposure time).
Single-frame Schlieren technique (3 ns exposure time) to study the lowpressure regime where the shadow optical system has not been optimized.
3.1. Low-pressure operation at 20 kV — Mather-type gun
The most relevant properties observed are as follows. At low pressure
(1 — 1.5 torr D 2 ) the converging sheath presents intense MHD instabilities of
intermediate wavelength (X ~ 3 mm < pinch radius; implosion velocity up to
7 X 107 cm-s - 1 ) developing before the maximum compression (Fig. 8).
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FIGS. A sequence of Schlieren frames (reconstructed shot to shot) showing plasma
at low pressure (20 kV, 1 ton D-¡,,small diameter).
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Growth-rate times deduced from shadowgraphy are less than 18 ns. An intense
disruption proceeds by means of the radial ejection of plasma tongues. Hard
X-ray and neutron emissions start in coincidence with the minimum radius phase.
We recall that this regime corresponds to the optimization of fast deuteron
production.
3.2. Plasma dynamics at high pressures
This is a range of neutron-optimized working conditions. In contrast to
the foregoing, the current sheath implosion is totally MHD-quiescent and
culminates in the formation of a plasma column with minimum diameter 8 mm.
Radial converging velocities depend on Z and t, but are typically in the range of
3—5 X 10 7 cm-s - 1 as in low-energy plasma-focus systems, with a slight decrease
as the pressure increases.
In the lower part of the pressure range (20 kV - 3 torr or 25 kV - 4 torr D 2 )
maximum compression is followed by a long-lasting quiescent cylindrical reexpansion (~ 60 ns). The plasma boundary is rippled by (apparently inhibited)
very short wavelength (1 mm) perturbations. At the time of maximum neutron
production, a giant long wavelength (X ~ 10 mm ~ radius of the plasma column;
growth rate between 20 and 40 ns) develops and necks off the plasma column,
forming long-lasting plasma blobs whose decay time (100—150 ns) corresponds
to that of the local neutron emission (Fig. 9).

to
oo

FIG.9. A sequence of shadow frames (reconstructed shot to shot) timed with respect to both local and total neutron emission (small-diameter,
25kV,400kJ,4torrD2).
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FIG.10. Three shadow frames on single shot (18 ns apart) showing plasma tongue reconnection
(small diameter, 20 kV, 250 kJ, 6 ton D2 ).

FIG.11. Filamentation of return plasma
current at high pressure (small diameter,
25kV,400kJ,12torrD2).

At higher pressures (for instance 20 kV - 5 torr, 25 kV - 6 torr,
28 kV — 8 torr) the expansion time is observed to be shorter, as both the wavelength associated with the disruption and the growth rate time tend to decrease
with pressure (10 > X > 4 mm, while r decreases from 40 ns to below the 18 ns
time delay between two successive frames). After the onset of the necking,
plasma tongues, formed during the disruption, move downward and inward,
usually reconnecting around the neck. This leads to the formation of longlasting plasma blobs (Fig. 10).
Beyond the high-pressure regime, when neutron yields no longer scale
regularly, filaments become visible in the return current sheath. They appear
suddenly above a critical pressure filling, which is a linear function of the initial
voltage, but follow a different (U 0 , p 0 ) characteristic as compared to Fig. 3
or Ref. [6] (Fig. 11). The important point is that the radial extension of the
neutron production mentioned in Section 2.3 is associated with the plasma
dynamics described above. The neutron production time markedly increases on
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high-energy systems, reaching as much as 200 ns FWHM compared to 80—100 ns
on experiments of the same geometry operating at lower energy levels [3, 7 J.
The plasma blobs described above have a duration comparable to the neutron
production decay time.

4.

GENERAL DISCUSSION

We have shown that an increase in the stored energy level leaves unaltered the
general features of the neutron spectra of the whole neutron emission, provokes
a decrease in the neutron fluence anisotropy, which eventually vanishes, and
increases the burn time.
The bulk of the neutron emission (70%) associated with the dynamics of
the quasi-stationary plasma configuration shows an isotropic fluence, with a
part of the emission also isotropic in energy.
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The scaling of the particle fill, RQPO> with the stored energy level (Fig. 12)
suggests the existence of some Bennet relationship between the particle content
per unit length, raked during the implosion before major MHD disruptions
appear, and the pinch current. Also, the possibility of revealing plasma blobs
through shadowgraphy, coupled with the increase in plasma dimensions,
indicates an increase in the particle content, as these structures are hardly visible
at lower levels of the stored energy. To justify the neutron yield scaling versus
pinch current in terms of basic plasma properties during the neutron production:
Y ex IJ oc Nh <CTV> nr

(1)
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where h is the pinch height, n the number density and <av) the average neutron
production rate, it is necessary to make a parametric study of the quantities
involved in Eq. (1). However, the foregoing suggests that nr should increase with
increasing energy level, an interesting property as far as extrapolation is concerned [8
The observed duration of the burn, spatial and temporal stability of the
plasma-blob structures which follow the pinch disruption point to the
existence of a relaxation of the magnetic field [9]. Moreover, particle
energies involved in the neutron production, as deduced from neutron spectrum
properties ( 10—100 keV), correspond to transit times far shorter than the
observed burn time. Energy balance considerations to justify the large neutron
yield observed on high-energy plasma focus facilities, rule out a possible
continuous generation of such particles unless trapped in the self-magnetic field.
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DISCUSSION
J. BRZOSKO: The neutron yield scaling is against the pinch current rather
than the total current, probably because of energy losses along the insulator.
Could you say something about the dependence of the losses on the total energy
of the device?
J.P. RAGER: One reason why current leakage along the insulator plays
a more important role than in low-energy systems is that an increase in the
energy level is usually accompanied by an increase in the size of the plasma
focus. As the current leakage is proportional to the perimeter of the insulator,
it also shows a corresponding increase.
S.J. DENUS: From papers presented today it follows that, in small plasmafocus devices, strong ion-beams are produced and that in the Frascati device the
beams disappear above a certain pressure and you have a plasma which has
rather isotropic thermal properties. At the same time, the radius of the pinched
plasma in your experiment is larger than in small-energy devices. Can you comment
on the significance of this result for future developments in large plasma-focus
devices? Could you also predict what the radius of a pinched plasma-column
should be for a 10-MJ plasma-focus device?
J.P. RAGER: Our opinion, based on the study of the neutron emission
and beam properties, is that the relative importance of high-energy particles in
the neutron production (through the beam target on the background gas)
decreases with increasing energy since the neutron yield scales with the fourth
power of the plasma current.
We do not know how to predict theoretically the scaling of the pinch
dimensions with energy, or rather with plasma current. We do observe that it
increases at high energy levels and furthermore that the neutron production time
increases as well. These are important considerations for future developments.
W. BOSTICK: One of the Schlieren pictures you presented seemed to show
the column forming a helical configuration. Is this a correct interpretation?
J.P. RAGER: It is difficult to conclude whether or not the column is
reforming with a helical configuration. However, if we assume that a quasi-forcefree configuration develops, one possible mathematical solution of the relaxation
of a plasma-focus discharge is in fact a helicoidal, kink-like configuration.
H.A.B. BODIN: I wondered when looking at the photographs you presented
of plasm a-focus break-up and reformation, perhaps involving helical motion,
whether a longitudinal magnetic field is generated. The conditions are such that
it might be, and it could then be frozen in when the plasma reforms.
J.P. RAGER: I fully agree this is possible. We think in Frascati that one
explanation for the long neutron production time may be the creation of
magnetic structures involving the generation of a B z magnetic field component,
which would eventually trap fast particles.
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A. SESTERO: I wish to comment along the same lines as Dr. Bodin.
In the light of some experimental evidence it appears possible, indeed plausible,
that as a result of the relaxation phase following the pinching in plasma focuses,
one could set the development of stable quasi-force-free configurations of the
kind that were predicted for the reversed-field pinch 1 .
H. SCHMIDT: In the side-on neutron-spectra there was a peak at 1.5 MeV.
Do you have any explanation for this?
J.P. RAGER: The line appearing on the low-energy side of the neutron
spectra might be due to the dissociation of deuterium bombarded by very fast
runaway electrons.

1
See, e.g., J.B. TAYLOR, in Proc. Third Topical Conf. on Pulsed High-/? Plasmas,
Culham, 1975,Pergamon, Oxford ( 1976) 59.
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Abstract
LASER FUSION STUDIES AT NAVAL RESEARCH LABORATORY.
The NRL group is studying the technical feasibility of high-gain laser fusion pellets driven
by low irradiance ( < 10 14 W-cm - 1 ) multinanosecond lasers. In earlier experiments it was shown
that both absorption and hydrodynamic efficiencies were consistent with high-gain pellet designs.
In addition to extending this work to greater intensities and larger spot sizes, research is under
way on the origins and magnitude of target preheating at low irradiance, on experimental and
theoretical work on the issue of symmetry and into the related questions of Rayleigh-Taylor
instability and mixing of layers in multilayer targets. Substantial progress has been made in all
of these areas: the rear surfaces of slab targets have been ablatively accelerated to velocities
above 10 7 c n v s - 1 with acceptably low levels of preheat, and there is experimental evidence of
smoothing of spatial non-uniformities in the laser profile on a transverse scale of 100 /xm or less.
INTRODUCTION

In order for a laser fusion reactor to succeed in producing net energy gain,
high-gain pellets (G ^ 100) are necessary. This requirement for high gain
imposes certain physics constraints. The pellet fuel must be efficiently imploded in
a near-isentropic fashion to high final densities. From simple considerations the
physics constraints on achieving high gain pellet performance are:
—
—

overall coupling efficiency (-resorption x «hydrodynamic) at least in the
range of 7-10%
very little preheat (r fuel < 47>errni)
very good implosion symmetry (A Vf/ Vf ~ 1—2%)
no significant de-symmetrization caused by Rayleigh-Taylor instability.

* Supported by US Department of Energy.
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As was reported by our group two years ago at the Innsbruck meeting, our
experiments at high laser intensities O 1015 W/cm2) led us to conclude that pellet
designs using shaped pulses rising to high intensities, at a one micron wavelength,
did not look promising for high gain because of problems with preheat and coupling
[1]. Accordingly, we decided to concentrate our efforts on investigating pellet concepts which employ longer-duration laser pulses at lower peak intensities (<10 14
W/cm2) [2,3]. In this paper we will report on the progress we have made in studying the key issues of coupling efficiency, preheat, symmetry and stability for this
laser fusion concept.
Rather than irradiate whole pellets for these physics studies, we use flat discs
or foils (or multiple foils), irradiated from one side with typical laser spot sizes of
500 jxm to 1000 /u,m. To produce a more uniform intensity profile, the targets are
placed in the "near field" of the laser rather than at focus. Flat targets have some
advantage over pellets, as a first generation of experiments:
—
—

less laser energy can be used than would be necessary to irradiate
spheres .
the back surface of the target is accessible for diagnostics. With a pellet, it is difficult to diagnose the interior much below the point where
thermonuclear ignition occurs.

This flat geometry also has several obvious disadvantages when compared to a
symmetrically imploded shell:
—
—
—

edge effects may make it difficult to perform sufficiently onedimensional experiments.
there may be anomalous preheat effects which would not be present
in a spherical target.
small symmetry differences, which are important in implosions, may
be difficult to measure in experiments which lack spherical convergence.

This paper will address the progress we have made in overcoming and/or
evaluating these difficulties in the context of the pellet physics. A number of
results from these experiments have already been reported; we will summarize
these results but will concentrate mainly on recent progress.
OVERALL COUPLING EFFICIENCY
The laser-to-target coupling efficiencies have been measured with an array of
calorimeters of various sorts; typically the laser absorption efficiency was 90% at 3 x
1.012 W/cm2 irradiance and declined to 55% at 7 x 1014 W/cm2 [4] with a laser pulse
length of 3-4 nsec. Particle energy and momentum were measured, for both the
front surface plasma and the ablatively accelerated material at the rear surface,
using minicalorimeters and charge collectors. With these detectors good overall
energy accounting and momentum balance was obtained and hydrodynamic
efficiencies as high as 20% were obtained [5]. Another method of detection was
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also attempted using ballistic péndula front and rear. Initially the pendulum results,
while showing reasonable relative momentum balance, gave absolute momentum
values considerably lower than the charge collector/minicalorimeter system. We
have recently been successful in resolving this discrepancy with a series of double
pendulum experiments, in which a second pendulum was used to measure the fraction of the incident particles which did not stick to the first pendulum, as well as
mass ablated from the first pendulum. We believe that this is the first time that
ballistic péndula have been accurately calibrated. The ballistic péndula results are
now in quantitative agreement with the results measured with charge collectors and
particle calorimeters. The high overall coupling efficiency at lower irradiance, (5590%) x (20%) — (11-18%), is encouraging for the laser fusion concept.
We have also performed experiments to evaluate the question of edge effects,
both by varying the spot size on slab targets while maintaining fixed irradiance and
by using limited mass disc targets rather than slab targets. The conclusion of these
experiments was that with small spots ( ^ 3 0 0 jum) edge effects were significant but
they became less important as the spot size was increased and at a spot size of 1000
^ m o r larger they were not a significant factor. Spot size does require laser energies of a kilojoule in a 3-ns pulse in order to reach irradiance levels in the mid-10 13
W/cm 2 range.

PREHEAT QUESTIONS
To achieve high densities, the fuel must remain on a low isentrope during the
spherical implosion. We have previously reported several results which confirm
that we are, in fact, ablatively accelerating material [4,5] on a cold isentrope.
These results included: X-ray spectral measurements from 2 keV to 50 keV which
showed a notable lack of high-energy (10 keV) X-rays; particle detectors; and direct
time-resolved measurements of the rear surface brightness temperature [6]. Fastresponse ( ~ 1 ns) photomultipliers were used in conjunction with monochromators
to give time resolved emission data in two spectral channels. The response of the
two channels was also calibrated with a standard lamp, allowing a brightness temperature to be determined at the two wavelengths at any instant of time. Data such
as shown in Figure 1 were obtained.
While temperatures remained low during the laser pulse, there was still a
question as to whether there was any preheating of the rear surface due to particles
from the heated front surface streaming around the target. We optically imaged the
target onto the slit of a fast optical streak camera and measured the space-and timeresolved rear surface emission. Streaming did not occur for large foil targets or for
discs whose dimensions were very large but for disc targets of about the same size
as the laser spot there was evidence of energy flowing around the disc.
There are three mechanisms for heating the rear surface of slab targets at low
intensities: soft x-rays, shocks and thermal conduction. That shock heating has a
role was verified by comparing the time history of the rear surface temperature of a
single 4-fxm Al foil to another target with two Al foils, one 3.5 /Am thick and the
second 0.5 /¿m thick, separated by 200 /¿m. The rear surface of the double target
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FIG.l. Measured rear surface temperature
as a function of Al target thickness at an
irradiance of 5 X 102 W-cm~2 in a 1-mm
diameter spot. The indicated times are
times after the peak of the laser pulse. By
5 ns after the peak, acceleration of the rear
surface has ceased.

was significantly colder, indicating that shock heating was a significant effect for the
single target of the same mass. These experiments appear capable of yielding
important experimental data for pellet design on preheat effects. Comparison of
the experimental results with calculations are in progress; the magnitude of the
observed heating appears to be in reasonable agreement with preliminary calculations of what would be expected from these three mechanisms. Extrapolation to
reactor-sized pellets indicate that fuel can be kept on a low isentrope (E < 4 EF),
using low laser irradiance.
SYMMETRY QUESTION
Symmetry of the implosion appears to be a serious remaining issue for lowirradiance pellet designs. A limit on velocity asymmetry of only a few percent
implies an ablation pressure uniformity of the same order. There are several issues
involved in understanding the impact of symmetry on the viability of laser fusion
pellet designs:
—

—
—

To what extent will the pressure profile in the ablation region reflect
the laser intensity profile in the physically separated absorption
region? Will there be smoothing of irregularities in the laser pattern,
in terms of the resulting pressure profile, and over what transverse
scale length?
How uniform a laser pattern can be produced on the target surface
and over what transverse scale lengths can the profile be controlled?
Can diagnostics be developed for the disk experiments which will
measure small, but significant, pressure and/or velocity gradients?
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FIG. 2. Optical layout of the Pharos II
laser system. A Nd: YLF oscillator is used
to match the phosphate glass amplifiers
in wavelength. The orthogonally polarized
10.5-cm-dia. beams out of the laser are
expanded to 20 cm dia. by the final relay
and are combined using a dielectric
polarizer. They are focused onto the
target with an F/6 aspheric lens.

We have previously reported the results of simple experiments which qualitatively show smoothing of irregularities in the illumination pattern on a transverse
scale of 100 fi m or less [5].
A schematic of the layout of the Pharos II laser system is shown in Figure 2.
This laser has produced over one kilojoule in a 3.5-ns pulse with an overall driver
efficiency of 0.2%. The laser performance is largely due to the use of high-gain
(^14%/cm) neodymium phosphate glass in the disc amplifiers [7,8]. There are a
number of features of this laser design which were incorporated with the specific
intent of producing uniform illumination on millimeter-size targets:
—

—

—

The energy density in the rod section of the laser is kept below 50%
of the saturation flux. This allows spatial shaping of the oscillator
pulse by the gain profile in the rods without time-dependent changes
in pulse shape.
The beam is shaped by a hard or soft aperture after the final rod
amplifier and this pattern is then sequentially relayed through the disc
amplifiers and onto the focus lens. The propagation from the lens to
target plane, including diffraction effects, was computed to generate a
prescription for the spatial profile of the "soft" aperture.
Care was taken in the design and its execution to minimize phase
errors. At full power, the "B" integral is of order unity, so small-scale
self-focusing effects are wholly absent and whole beam self-focusing
amounts to only a dynamic shift of \ / 6 at the peak of the pulse. The
residual phase errors were measured using wavefront shearing interferometry and found to consist primarily of one wave of spherical
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aberration. Tests with a prototype high-power soft aperture showed a
capability to compensate most of the spherical aberration as well as
shaping of the amplitude profile.
The relationship between the laser intensity pattern and the foil targets1 rear
surface velocity pattern was measured by spatially resolving the Doppler shift of a
short (—0.5 ns) second-harmonic probe pulse reflected from the rear surface [4].
These early measurements showed smoothing of deliberately produced amplitude
fluctuations but the technique was limited in two respects:
—
—

it could only track the velocity profile early in time because of the
absorption of the probe light as the rear surface warmed up.
the Av/v resolution was relatively coarse, about 20%, because of the
relatively small Doppler shifts and the probe bandwidth.

We have recently developed a diagnostic technique which circumvents both of
these problems. A second foil is placed behind the first foil and the light emission
is recorded from the second foil as it is impulsively accelerated by the first foil. In
a separate experiment it was verified that this emission coincides in time with the
time when the second foil begins to move. Sections of the first target which are
ablatively accelerated to lower velocities will impact later and the streak record will
provide a direct record of v(r,t). By varying the separation of the two foils, the
EFFECTS OF INCREASING LASER INTENSITY ON SYMMETRIZATION
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FIG. 3. Streak-camera photographs of the luminosity of the rear surface of a second foil placed
200 ¡j.m behind the target foil. The laser intensity pattern was perturbed by masking the center
of the lens with a strip of paper, resulting in the laser patterns shown on the right of the figure.
At lower intensity this results in the low target velocity in the center of the pattern. At higher
intensity not only is the velocity higher (earlier time of arrival at the second foil) but the effect
of the mask in the laser beam almost totally disappears.
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impact time can be chosen to be any time during or after the laser pulse. This diagnostic technique is in use to measure the sideways thermal conduction as a function
of irradiance. As the irradiance is increased irregularities in the laser profile should
be smoothed more effectively both by thermal conduction and an increase in the
physical separation of absorption and ablation regions. The data shown in Figure 3
would seem to indicate that this is the case. The laser was operated at energies of
200J and 400J in 4 ns which produced average irradiances of 6 x 1012 W/cm2 and
1.2 x 1013 W/cm2 for the two cases with the center of the beam masked by a strip
of paper in both cases. This produced a pattern on target with a 7:1 intensity ratio.
The streak record of the rear surface luminosity in the low-irradiance case would
indicate some smoothing but there was still a 2:1 velocity difference between the
high-intensity and low-intensity regions. At the higher irradiance the smoothing is
clearly better.
These results, while encouraging, are preliminary. They do indicate, however,
that it appears possible to address the symmetry issue experimentally in flat target
experiments.
OVERVIEW ON THEORETICAL INVESTIGATIONS OF STABILITY
In the theoretical area, substantial effort has gone into understanding the
Rayleigh-Taylor instability and related but distinct asymmetry problems for spherical implosions. A fundamental concern for inertial confinement fusion is the
severe energy penalties one must be willing to pay to design conservatively. There
are four different circumstances where desymmetrizing instabilities can grow: in
the ablation layer, at internal interfaces where material of different density abut, at
the buffer-shell interfaces which occur in multiple-shell pellets, and where the core
shocks interact with density gradients and the pusher interface. To study ablationlayer Rayleigh-Taylor modes we have used a fully nonlinear Eulerian computer
model and have developed special analytic and numerical tools to carry out meaningful resolved piggyback calculations of Rayleigh-Taylor growth for an analytically
determined "quasi-static" equilibrium. To perform internal-layer analyses we use a
Lagrangian hydrodynamic model based on a two-dimensional dynamically reconnectable grid of triangles. To study imploding shock stability we use a computational model based on the Chester-Chisnell-Whitham (CCW) approximation [9]
and have discovered a class of closed-form theoretical self-similar one-dimensional
models. Principal results include the discovery of Rayleigh-Taylor stable regimes
for low-intensity laser-driven ablation; the simulations of the two-layer pusher-fuel
mix problem and the three-layer mix problem (a light fuel layer is separated from a
denser pusher shell by a thin but very dense heat shield layer) and the definitive
study of a wide range of stability and symmetry issues related to shock collapse.
INVESTIGATION OF THE STABILITY OF LASER-DRIVEN
ABLATION LAYERS
Previous authors have investigated steady-state models for the ablation layer
of laser-driven foils iio] and spherical implosionsiüU and have considered the hydrodynamic stability of a laser-driven plasma [12]. Since the density and pressure gradients are opposite in sign in these ablation layers simple but incomplete analysis
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predicts that perturbations may grow exponentially there. Our earlier research into
the "quasi-static" (time-independent) ablation layer profiles has identified two distinct types of pressure profiles [13]. In the first case the pressure profile has the
intuitively expected turning point and yields a very narrow region (—0.1 /xm) where
the density and pressure gradients are opposite in sign. In the second case the pressure profile does not turn over and continues to increase out to the critical surface.
Here the region where the density and pressure gradients are opposite in sign is
quite broad ( ~ 100 /¿m). Afanasyev et al. [2] have noted that the width of this
region with opposed gradients can affect the growth rate of perturbations. In Reference 1 we pointed out the dilemmas encountered in attempting to treat the stability
analysis properly for both theoretical and numerical calculations. In theoretical studies it is difficult to include the effects of convection, while in simulations the problem is sufficient resolution. In fact, simulations with rather poor resolution of the
region with opposed gradients are seen to be Rayleigh-Taylor-unstable, but when
the resolution is improved the growth rate becomes dramatically reduced. To date,
limits of practicality have kept us from performing large-scale, fully timedependent two-dimensional calculations with what we would consider to be the
proper resolution. Previous piggyback calculations where a time-dependent perturbation is applied to a zeroth-order equilibrium have attempted to solve this
dilemma, but we are unaware of any with sufficient resolution which have been
demonstrated to solve known problems. A new streamlined piggyback formulation,
the vorticity generation model',has provided us with a mechanism for adding convection to our theoretical analyses with sufficient resolution for an accurate
assessment of stability for these and various other types of time-independent and
time-dependent equilibria. This formulation is especially convenient for both analytic and numerical analyses since it does not require calculation of the pressure
perturbation. We have applied the VGM to various test problems and to "quasistatic" equilibria for CH foils irradiated at 1013 W/cm 2 . We have discovered that
equilibria with a narrow region of opposed gradients are Rayleigh-Taylor-stable
while equilibria with a broad region are Rayleigh-Taylor-unstable. We have also
used fully non-linear Eulerian and Lagrangian time-dependent models to calculate
the slow evolution of these two types of "quasi-static" equilibria. At constant intensity "quasi-static" equilibria with a narrow region of opposed gradients tend to retain
this character, while "quasi-static" equilibria with a broad unstable region evolve
one-dimensionally into profiles with a much narrower potentially destabilizing
region. Figure 4 shows the temporal evolution of these two types of equilibra.
This encouraging result implies that configurations which are unstable to RayleighTaylor modes in the ablation layer evolve toward stabler equilibria.

INVESTIGATION OF THE INTERIOR-LAYER RAYLEIGH-TAYLOR
INSTABILITY
The interior-layer Rayleigh-Taylor problem can occur at many different times
and locations during the implosion of a complicated multiple-shell target. The preignition mix problem is the most familiar situation. As the fuel compresses up to

1
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FIG. 4. Temporal evolution of the two types of "quasi-static" equilibria with the same shell
entropy.
Case 1: dP/dx > 0 as x approaches x c
I - 10 1 3 W-cm" 2 (0.8, 0.2) on 15-MmCHfoil
S = 4 X 10 1 2 ; g « 0 . 9 X 1 0 l s c n r s ~ 2
Pmax = 0.486 g - c m - 3 ; P m a x = 1.20 Mbar; T p m a x = 3 . 7 3 e V
AR « 53 /um; M 0 = 0.015; N 0 = 2606
Case 2: dP/dx < 0 as x approaches x c
1= 10 1 3 W-crrf 2 (0.8, 0.2) on 15-jumCHfoil
S = 4 X 10 1 2 ; g = 1.5X 1 0 l s c n v s ~ 2
Tpmax = 0.691 g-cm" 3 ; P m a x - 2.16 Mbar; T p m a x = 4.71 eV
A R « 4 0 M m ; M 0 = 0.04; N 0 = 4560

its final density, the pusher decelerates to provide the compressional energy. Since
the pusher density exceeds that of the fuel, the interface becomes unstable as soon
as the acceleration due to convergence gives way to compressional deceleration. A
three-layer mix problem also arises where a light fuel layer is separated from a
denser pusher shell by a thin but very dense heat-shield layer. In this three-layer
problem short-wavelength perturbations permit the upper and lower surfaces of the
heat shield to move independently, so Rayleigh-Taylor instability can result even
though overall stability is expected at long wavelength. In order to investigate the
nonlinear regime of the Rayleigh-Taylor instability for these two- and three-layer
mix problems we have developed a Lagrangian model which bases its fluid
representation on a two-dimensional dynamically reconnectable grid of triangles.
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FIG. 5. A frame from a movie of a
Lagrangian simulation of the non-linear
phase of a three-layer-mix problem. A
light fuel layer is separated from a denser
ablator by an even denser pusher shell.
The flow is similar in many respects to
the pusher-heat shield-fuel simulations.

Several flow features illustrated in Figure 5 are common to all simulations of
the Rayleigh-Taylor instability performed with this model. First, the dense spike of
fluid never attains a "free-fall" penetration rate because of the high efficiency of the
vortex pair in transforming the downward vertical motion of the bottom of the
spike into a lateral, spreading motion and eventually mixing in the vortices.
Second, since the Helmholtz vortices dominate only after some amplitude a/X is
attained, the penetration rate in the nonlinear regime may depend on wavelength.
Third, the secondary Helmholtz vortices tend to further mix the already distorted
interface, but the nonlinear flow is dominated by the original vortex pair. Fourth,
both primary and secondary vortices appear to have little effect on mixing at the
stable interface, and a bridge of dense fluid thins but remains stable. A heat shield
would then thin appreciably but remain integral well into the nonlinear regime
despite large mixing of the spike. Finally, the jetting which forms above the descending spike seems to be the primary means of mixing across the stable interface.
This jet arises; from'the formation of a stagnation point at the junction of the flow
into the spike from the upraised bridges to either side. The jet eventually collapses
as the bridges thin, forming bubbles of trapped fluid.

SPHERICAL SHOCK IMPLOSION DYNAMICS AND STABILITY
The critical consideration for achieving a high degree of compression in a
spherical implosion is to determine the symmetry requirements on the driver by
finding the degree of symmetry that can be maintained during the implosion process. The motion of a converging shock wave can be computed with great accuracy
by considering only the changes in the physical variables across the shock front and
ignoring the motion behind the front. The shock front moves normal to the shock
surface, so it may be treated as locally one-dimensional flow down a channel whose
boundaries are determined by the trajectories of the shock front. These trajectories
form imaginary ray tubes whose cross-sectional area may be related to the Mach
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FIG. 6. Solution using the CCW approximation
an 8th-order Legendre polynomial perturbation
becomes smaller at the same rate as the average
the 10% perturbation seems to grow relative to
behavior.

PERTURBED SPHERICAL SHOCK COLLAPSE

RADIUS

for shock collapse of a spherical shock with
of 5% and 10% amplitude. The 5% perturbation
radius remaining within acceptable bounds, while
the average radius, indicating an unstable

number by the CCW approximation. Using this approximation we have investigated a wide range of stability and symmetry issues related to shock collapse. For
instance, we need to know how large the initial perturbations may be even for
stable modes since the perturbation amplitude may not go to zero as fast as the
average radius. The concept of stability in the sense of an exponentially growing or
decaying perturbation does not apply to this particular problem. Also, for a given
set of wavelengths, Mach number, and initial radius, can the collapse of the shock
be timed so that the amplitude of any particular oscillating perturbation is near zero
at the instant of collapse? Superposed (individually) unstable modes may then be
stabilized nonlinearly. Using our model, Figure 6 summarizes pictorally the temporal evolution of 8th-order Legendre polynomial perturbations to a spherical
shock, with amplitudes of 5% and 10% respectively. As the shock collapses toward
the origin (from right to left with increasing time), the amplitude of the 10% perturbation seems to grow relative to the radius. After implosion by a factor of 5:1,
the 10% perturbation become(s| contorted! whereas the 5% perturbation is still behaving within acceptable bounds. We have also investigated the stability of the special
case of the Guderley solution for strong spherical shocks imploding into a medium
having a power-law density profile. For each choice of the adiabatic index y, there
is a unique power-law target density profile for which the flow behind the shock is
uniform (radial velocity proportional to radius). The linearized equations of motion
separate completely in Lagrangian variables, yielding an exact solution which
predicts instability for this class of implosion. The CCW approximation gives
essentially the same result for the case of uniform density ahead of the shock
(power-law with zero exponent), while for the case of a power-law with increasing
density ahead of the shock it predicts a reduction in the growth rate (result valid for
arbitrary y).
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DISCUSSION
C. YAMANAKA (Chairman): What effect do you think the non-uniformity
in the laser profile has on the compression and the instability?
J. McMAHON: The key issue here is the extent to which laser intensity
variations in the absorption region are reflected in the pressure profile in the
physically separated ablation region. At the intensities we are using, intensity
non-uniformities with a spatial scale length of less than 100 gm seem to be
strongly smoothed. This is a topic of major importance for this type of laser
pellet and we will devote a considerable amount of time to it in the future. We
are also trying to make the laser profile as smooth as possible.
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Abstract
STUDIES OF LASER ABLATION PRESSURE AND ABLATIVELY DRIVEN IMPLOSIONS.
Novel diagnostic techniques have been used to study the ablation process using long
1.5-ns (FWHM) laser pulses to irradiate planar and spherical targets. The mass ablation rate
from layered planar targets has been measured using time-resolved X-ray spectroscopy where
characteristic X-ray emissions from successive layers act as burn-time markers. Simultaneous
measurement of the ion blow-off velocity allows an estimate of the ablation pressure generated
through a momentum flux calculation. Data were recorded for 1.06 fim at irradiances from
3 X 10 1 3 to 10 1S W- cm" 2 and at 0.53 //mat irradiances from 10 14 to 4 X 10 1 4 W-cm~ 2 . The
ablation pressure at 1.06 jum scales as I273 up to an irradiance of « 10 14 W-cm~ 2 and then tends
to saturate out as hot-electron generation becomes significant. In the range measured, the
pressure for 0.53 [Xm irradiation was three to four times higher than that for 1.06 fim with a
maximum observed pressure of 50 Mbar. - Time-resolved shadowgraphy of imploding simple
shell microballoons with a range of aspect ratios from 10 to 110 showed evidence for RayleighTaylor-type hydrodynamic instabilities which degraded the implosions at higher aspect ratios.
Six beams were used to irradiate the target at levels from 5 X 10 1 2 to 5 X 10 1 3 W ' c m - 2 and a
seventh beam providing a quasi-monochromatic backlighting source. Ablation pressures deduced
from the acceleration of shell boundaries were in good agreement with measurements from the
time-resolved spectroscopy data for plane targets.

* Work carried out at the Science Research Council's Central Laser Facility at the
Rutherford Laboratory.
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Introduction

The generation of high density plasma (~ 100 g«cm~ 3 ) by
laser driven inertia! confinement schemes will depend on the
spherically symmetric implosion of single or multiple shell
targets. The maximum density attainable will depend on the
efficiency of several, sometimes competing, processes. The
implosion driving pressure arises from the ablation of
material from the target surface and a simple critical
density deflagration model shows the ablation pressure P to
a
be given as
Pa

=

3.6 (I/10 1 L f ) 2 / 3 x

2/3

Mbar

(1)

where x is the incident laser wavelength in microns and I is
the laser irradiance in W-cm -2 |1|. The intensity scaling in
equation 1 breaks down at sufficiently high values of I when
non-linear effects lead to the generation of energetic "hot"
electrons which can deposit energy deep in the target and thus
causing a saturation in the true ablation pressure. The onset of
equivalent non-linear effects generally occurs at values
Ix 2 £ 101¿+ W-cnr2 ym 2 [2j. Since maximum compressed density
will in general be achieved with minimum preheating and maximum
driving pressure equation(l)suggests an advantage in short
wavelength irradiation scaling as x 2 if the irradiance level
is limited to the ablative regime.
An important parameter in determining the efficiency of
an ablative implosion is the target aspect ratio, r/Ar, where
r is the shell radius and Ar its thickness. Simple modelling
of the compression which treats convergence of the shock
flows indicates an amplification of the driving pressure
scaling as (r/Ar) 3 / 5 [3¡. Large values of r/Ar are also
required for hydrodynamic efficiency (a) since
P

r/Ar

~

<;

2

a —

(2)
a
where P S and p a are the densities of the solid shell and
ablation plasma respectively [3j. The stability of an
implosion will also effect the overall efficiency of reaching
high densities and the exponent for total growth of fluid
instability of the Rayleigh-Taylor type scales (r/Ar)|. A
compromise value of r/Ar is indicated and equation 2 suggests
a further x 2 advantage in using short wavelength irradiation.
This paper describes initial experiments designed to study
the implications of the above scaling models. In particular,
the dépendance of ablation pressure on intensity and wavelength and the stability of simple shell targets as a
function of aspect ratio are examined.
p
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Ablation Pressure Measured by Time Resolved Spectroscopy

This experiment was based on the concept that the high
temperature ablation front generated localised X-rays as it
moved into the target surface. By using layered targets and
time resolving the X-ray emission characteristic of each layer
it was possible to measure the mass ablation rate (rfi) and by
simultaneously measuring the blow-off ion velocity, V, with
time of flight Faraday cup ion collectors the ablation pressure
P a was estimated from P a =rtiV. Two different methods were
used to distinguish the spectral emission from adjacent layers.
The first method simply employed a time resolving slit (100 ps)
with a K-edge filter pack in front of an X-streak camera
cathode. Hard X-ray Bremsstrahlung in 5, 7 and 9 kev channels
were recorded. Layered targets with typically 200 A 0 of Pt, 2ym
of plastic and solid Al were irradiated with 0.53 ym radiation
at intensities between 10lk and 4 x 10ll+ W>cm~2. The observed
pulsing in X-ray emission was interpreted as a Z-dependance in
the intensity of the hot electron source and the delay between
pulses was taken as the time taken for the critical density to
propagate through the known mass density of plastic.
Irradiance was estimated from the dimensions of the 2 kev X-ray
pinhole pictures since for nominal focal spot sizes $ 80 ym and
constant energy the X-ray image dimensions and the mass
ablation rate were constant.
This pulsing target method did not work satisfactorily
for 1.05 ym irradiation and a second more powerful technique
was developed. In this case the X-ray emission was spectrally
resolved using a Bragg crystal between the target and the
streak camera and using a time resolving slit (100 ps) in the
dispersion plane. Targets were chosen such that X-ray emission
lines from different adjacent layers were resolved and recorded
within the limited spectral range available. Fig.1 shows a
streak from a plane glass target coated with 0.5 ym of Al and
irradiated with 70 J of 1.05 ym light with 1.5 ns duration.
The mass ablation rate is determined from the time delay
between the onset of Al and Si emission features. The mass
ablation rate at 1.05 ym was measured in this way for irradiance
in the range 3 x 1 0 1 3 to 1 0 1 5 W'Cm"2 with the focal spot area
again taken from X-ray images of the source. No systematic
discrepancy between the two techniques was observed when Cr
coated Ti targets were irradiated at 0.53 ym. In this case
the characteristic emission lines were the helium-like resonance
transitions at A ~ 2.4 A 0 . Each measurement of mass ablation
rate was supported by an ion velocity measurement at 15° to the
target normal. The measured velocity was insensitive to
intensity, wavelength or target composition and was typically
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FIG.l. Time-resolved X-ray line emission
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FIG.2. Ablation pressure as a function
of irradiance. Solid and open circles from
time-resolved spectroscopy. Squares with
diagonal crosses from streaked shadowgraphy. Other symbols indicate data
from other workers using different
techniques.
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5 x TO 7 cm*sec -1 . This suggests the density in the ablation
flow increases with irradiance and is more pronounced for short
wavelengths.
The ablation pressures deduced from mass ablation rates
and average ion velocity products are illustrated in Fig, 2 as a
function of irradiance and wavelength. The main feature is
that for 1.05 y m radiation the ablation pressure scales roughly
as I 2 / 3 in agreement with simple modelling but saturates out to
10-20 Mbar for I ~ 1 0 ^ W'Cm _ 2 s the threshold for hot electron
generation. The limited number of data points for 0.53 ym
radiation indicate a 3 to 4 times increase in pressure with
useful driving pressures in the range "50-100 Mbar.
3

Ablativelv Driven Implosions Observed bv Time Resolved
Shadowgraphy

X-ray shadowgraphy, using radiation from an auxilliary
plasma source to probe an imploding target, has been shown to
be a powerful technique (4,5). In the present experiment six
beams of 15 J each at 1.05 ym irradiated the microballoon and
a seventh beam of 40 J irradiated the backlighting target.
The pulse duration was 1.5 ns (fwhm) and had a triangular
profile rising to peak intensity in 0.8 ns. Microballoon
illumination was optimised for uniformity by focussing each
beam beyond the target and checked from the uniformity of
X-ray pinhole camera images. Target diameters ranged from
100 ym to 280 ym and average irradiance from 1 0 1 3 to 1011+ W-cm -2 ,
ensuring minimal fast electron preheating of the target.
Targets were empty with glass wall thickness from 0.8 to 1.3 ym
and by coating polymer layers from 0 to 7 ym thickness
experiments were carried out for a range of target aspect
ratios (r/Ar) from 10 to 110.
Shadowgraphs were obtained by using a x 15 magnification
Kirkpatrick-Baez microscope to image the microballoon against
the background of a 500 ym diameter backlighting source. Time
integrated shadowgraphs on X-ray film of unirradiated balloons
showed a spatial resolution of 7 ym in the balloon plane. Time
resolved shadowgraphs were obtained by allowing the image to
fall on the photocathode of an X-ray streak camera and the
image was sampled at the cathode by a slit along the diameter
corresponding to 30 ym in the target plane and providing 100 ps
temporal resolution.
An aluminium backlighting target was used and the
radiation filtered with 4.5 ym of SiO and 40 ym of Be. The
Si K window efficiently transmitted only the Al resonance lines
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Is - 2p and Is 2 - ls2p and the satellite line to the Is 2 - ls3p
transition. With the gold mirrors in the K-B microscope
providing a 2.2 kev cut-off to recombination radiation the
backlighting spectrum was essentially a 3-line spectrum
centred at ~ 1.7 kev. The simple spectrum had several
advantages. The photon energy was suitable for probing glass
microballoon shells while self emission from the glass was
discriminated against. The spectral energy content of the
lines was absolutely measured with a calibrated crystal
spectrometer and made interpretation of opacity profiles in
recorded shadowgraphs relatively simple and less liable to
large errors through spectral integration procedures.
A I-D hydrodynamic fluid code, Medusa, was used to
simulate implosions |6J. Opacities were calculed along chords
of the target and opacity profiles as a function of time
generated. Streaks obtained with the backlighting pulse
arriving before the main beams provided a check on the
numerical integration procedure and also a measure of the
spatial resolution achieved in streak mode (17 y m ) .
r-OPAQUE IMPLOSION
CORE (CALCULATED
FORT=l)

12

Í.3

1

3-4

'6

n o "•»>•

¿2-flfifól-

FIG.3. Streaked shadowgraphs for implosions at different aspect ratios. Scaled drawings
indicate the discrepancies of observed and computed final core size.

Fig.3 shows three streaked shadowgraphs for balloons of
aspect ratios 12, 43 and 110 irradiated at 2.5 x 1 0 1 3 , 1 0 1 3 and
5 x 1 0 1 2 W'cm"2 respectively. Also illustrated is the initial
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balloon radius and the code prediction for the radius to unit
opacity (T = 1) at peak compression. It is clear that the
experimentally observed radii for T = 1 diverge rapidly from
theory as the aspect ratio increases. A compilation of
several similar streaks shows the ratio of observed to calculated
radii at i = 1 to increase systematically from 1 to 4 for aspect
ratios increasing from 10 to 100. This observation may be
explained by small scale fluid instabilities which prevent a
purely radial implosion leading to a diffuse, degraded final
core volume. A lack of sharpness on opacity profiles compared
to the instrumental limit also suggests diffuse shell
boundaries. The discrepancies may originate as either surface
perturbations on the target (known to be ± 10% of Ar) or
non-uniform illumination due to focussing conditions(± 30% of
average intensity) or hot spots in the beam (± 20% on a
spatial scale of ~ 10 m on the target surface). Illumination
conditions and preheating effects are found to only partially
explain the observations.
Fig.4 compares the experimental and Medusa computed radii
of the T = 1 zone for the high aspect ratio streak in Fig.3. The
r(t) characteristics in each case agree well until late in the
implosion implying that small scale instabilities do not impede
gross features of the ablative implosion such as the inward
velocity of the shell. Also shown is the r(t) curve generated
from a simple analytical model which assumes the driving
pressure proportional to I 2 / 3 and neglects mass loss from the
shell and spherical convergence. Agreement of r(t) plots from
each model (Medusa and analytic) with experiment allows an
estimate of the ablation pressure at peak laser intensity and
pressures derived from these implosion experiments are also
r (0) =K2(im
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plotted in Fig.2, showing reasonable agreement with the time
resolved spectroscopy data. The analytic model was also used
to estimate the classical Rayleigh-Taylor growth exponent,
fy dt, with y = (|^^-j)^

and

Fl

*g<4 suggests that 10% amplitude

ripples on the surface would become comparable to the shell
thickness within the first nanosecond of the implosion.
Catastropic shell disintegration, at about the peak of the
laser pulse, was observed on only one implosion.
4

Reducing Laser Plasma Preheat by Target Design

It is now well established that when high intensity
light is incident on solid targets a considerable fraction of
the laser energy is converted into suprathermal electrons [2|.
Some of the energy of these electrons heats the target to
comparitively large depths. Experiments using 1.06 ym lasers
on layered targets containing K fluors [7] have measured the
range of these suprathermal electrons. Here we demonstrate a
target design for reducing the preheat range by including a
high resistivity, low volume density material within the
target.
Consider a laser beam incident on a semi-infinite plane
target. A fraction of the absorbed laser power is converted
into suprathermal electrons flowing into the target carrying
a current density j„, which is typically 1 0 1 0 A«cnr 2 at an
intensity of 1 0 1 5 W'Crn"2 |7). The yery high energy deposition
rapidly ionises the target which becomes a high electron
density (Ne ~ 10 23 cm~ 3 ) i low temperature (T e * 200 eV) plasma
of resistivity n. A return current j must flow so that

The resistive electric field E = njc = - nJH> decelerates
the suprathermal electrons, converting a part of their energy
into Ohmic heating; n j c 2 . If the collisional area range of
the suprathermal electrons is ra(gm cm - 2 ) and the target
density is p then in the absence of electric field inhibition
the suprathermal electrons will go a distance r a /p, and the
electrostatic potential a distance ra/p into the target will
be ^ nJH ra/p- However, if rgy ra/p > kT^/e the resistive
electric field will appreciably impede the suprathermal
electrons. The potential within the target is estimated for
solid density gold and for qold at 1% of its solid density
(0.2 gm c m - 3 ) , with J'H = 10*° A'Cnr 2 for 100 ps as suggested
by experiment [7j. In normal density gold the target
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potential is negligible compared with electron energy whereas
in low density gold the target potential will be large and
thus the suprathermal electrons will be inhibited by the
resistive electric field.
To predict the effect of the resistive electric field
we have used a Monte Carlo calculation with a self consistent
electric field. To confirm the effect an experiment was
performed using tracer layers to detect fast electrons by the
K a radiation they produced [7|. Targets were normally
irradiated with 20 J, 100 ps, 1.05 ym laser pulses focussed
with a f/1 lens to a 100 ym diameter spot, at an intensity of
2.8 x 1 0 1 5 W-cnr2. The targets consisted of 0.1 ym A¿;
2.5 ym mylar; 3 ym KC£; Gold; 2 ym CaF 2 , and were fabricated
by evaporating the various layers onto the mylar substrate.
The gold layer was deposited at various densities but equal
area density.
With low density gold there was no observable K a line,
whereas with high density gold there was the expected K a
yield. It is found that low density gold reduces the K a
yield, and therefore the energy deposition by fast electrons,
by at least a factor of 3 over the same area density of high
density gold. Comparison with simulation shows that
classical resistivity is not high enough to explain the
observed reduction in range. An increase of a factor of 3 in
the resistivity is indicated.

5

Conclusion

Ablation pressure in laser irradiated plane targets has
been measured for 1.06 u m and 0.53 y m light and has been
found to be in good agreement with a Chapman-Jouget critical
density deflagration model up to irradiances of
IX2 = 10lltW.cnr2. ym 2 . Pressure measurements from shell
acceleration in 6 beam implosions at 1.06 ym have also been
in agreement. Disagreement with fluid code simulations for
final core sizes as deduced from streaked shadowgraphy
incidate Rayleigh-Taylor instabilities in the implosion of
high aspect ratio shells. Low density gold layers are shown
to be an effective alternative to vacuum gaps in shell targets
as a means to suppress fast electron preheating in ablative
compressions.
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DISCUSSION
F.F. CHEN: If, as you suggest, Rayleigh-Taylor instabilities are responsible
for the poor compression at large aspect ratios, would you not have seen them on
your streak traces?
C.L.S. LEWIS: Only on one shot did we observe a catastrophic shell breakup. On all large-aspect-ratio streaks, however, we observe a diffuseness associated
with the shell boundary, much larger than the instrumental spatial resolution.
The otherwise smooth appearance of the shell trajectories implies that any instability
present is on a microscopic scale.
J.M. McMAHON: The graph in Fig. 2 of pressure versus irradiance at 1.06 and
0.53 jum shows an apparent saturation. If the data were replotted against absorbed,
as opposed to incident irradiance, how much of this apparent saturation would
disappear?
C.L.S. LEWIS: All of it.
S.W.A. WITKOWSKI: You showed that the ablation efficiency decreased
with increasing intensity. I would like to ask what definition of ablation efficiency
you are using.
C.L.S. LEWIS: The product of the fraction of incident energy absorbed
and the fraction of this energy observed as thermal energy in the ablation plasma.
S.W.A. WITKOWSKI: What conclusions can be drawn from your experimental
results on that part of the energy which goes into compression?
C.L.S. LEWIS: These experiments were carried out with flat massive (nonmoving) targets and a measurement of hydrodynamic efficiency was not possible.
However, in six-beam experiments with spherical targets, an estimate was made
and a value of a few per cent obtained. In these experiments, no special care was
taken to optimize the efficiency.
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Abstract
INTERACTION OF SHORT-WAVELENGTH LASER RADIATION WITH SPHERICALSHELL TARGETS.
Laser-plasma interaction experiments have been performed at both 1.05 (J.m and 0.53 ¡JLm.
Measurements of absorption and X-ray production from spherical-shell targets have shown
significant differences between the two laser wavelengths. The laser power on target up to
0.7-TW at 0.53 fj.m was sufficient to observe effects from a high-temperature corona and
confirmed the earlier predictions for wavelength scaling of the hot-electron temperature.

INTRODUCTION
The KMSF laser fusion program has primarily been engaged
in the irradiation and implosion of spherical-shell, fuelfilled targets [l]. This has involved the experimental and
theoretical study of the physics of the laser interaction
region in spherical geometry. The various absorption mechanisms have been studied to determine their importance in the
current set of experiments. The partitioning of the absorbed
energy into x-rays and fast ions as well as the thermal component has been an important factor in designing laser-fusion
targets. The loss of absorbed energy to fast ions lowers the
efficiency of the implosion process. High-temperature x-rays
generated by fast electrons are indicative of a serious preheat problem which causes the fuel to be raised to a higher
adiabat and thereby lowers the compression [2]. It has been
predicted that these deleterious effects will be diminished by
using shorter-wavelength laser light [3]. Unless the preheat
mechanism can be reduced, it will be necessary to design and
test targets with larger mass to alleviate this effect, which
* Work supported by US Department of Energy under Contract No. DE-AC08-780P40030.
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will penalize the laser fusion program by requiring much larger
laser drivers to reach scientific breakeven.

LASER ABSORPTION EXPERIMENTS
The KMSF CHROMA I Laser System used in these experiments
generates 2-TW of 1.05-um light in the short-pulsé mode (100
psec.) [4], The two 14-cm output beams are focused on sphericalshell targets using a lens-ellipsoidal mirror combination [5].
The 1.05-um laser light was converted to 0.53 um by using two
14-cm diameter Type-II KDP crystals. Conversion efficiencies
up to 60% have been observed [4]. The 0.53-um laser power on
target was limited to 0.7 TW in the short-pulse mode (100 psec.)
because of the damage threshold for the metallic coatings on the
ellipsoidal mirrors.
The experiments were performed using both short-pulselength (100 psec.) and medium-pulse-length (500 psec.) operation
at the two laser wavelengths. The laser power on target for the
medium-pulse-length was limited to 0.5 TW at 0.53 um and 1.0 TW
at 1.05 um, because of the damage threshold for the coatings.
The targets for these experiments were nominally 85 um and
55 um in diameter. This permitted measurements at intensities
up to 10^° W/cm^ which is above the predicted operational range
for full-scale laser fusion experiments. For the short-pulselength experiments the target wall thicknesses ranged from 0.6
to 1.0 um. The medium-pulse-length experiments were performed
using targets with 5.0-ym walls to ensure that they implode
with a sufficiently long run-in time so that the absorption
measurements would not be affected by decompression effects.
A number of targets with thick walls were also used in the
short-pulse experiments to confirm that the wall thickness did
not play a significant role in the absorption measurements.
Thus, for each target size, there are two wavelengths and two
pulse lengths required to complete a data set. Since the data
from the two target sizes were nearly identical in the intensity
ranges that overlapped, they have been analysed together.
The absorbed energy is determined with a plasma calorimeter
mounted toward the top of the target chamber away from the target mounting stalk [6]. The plasma expansion is sufficiently
uniform in our system to allow the absorption fraction to be
determined with a single calorimeter. Shot-to-shot variations
in expansion symmetry are removed by averaging. The incident
laser energy was measured from the reflection off the target
chamber window and corrected for transmission losses.
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FIG. 1. Absorbed energy fraction for (A) short and (B) medium pulse length.

The results of the short-pulse-length experiments are shown
in Figure 1A. It can be seen that the absorption is larger at
0.53 ym than 1.05 ym for laser irradiances below 2 x 10^5 w/cra^.
This suggests that the absorption is dominated by classical inverse bremsstrahlung for the lower intensities. For the higher
intensities, it is probable that resonance absorption is the
dominant absorption mechanism. Each of the data points is an
average over groups of target shots with similar irradiance
levels. The error bars indicate one standard deviation from
the group average and do not include any estimate of systematic error. These data are consistent with that measured at
GILM with 0.53-ym laser light and short-pulse-length operation
[7]. Although their data were taken on slab targets with
laser intensities of up to 10-" W/cm^, the overlap region provides nearly identical absorption fractions. The higher irradiance data in Figure 1A were obtained from the 55-ym diameter
targets and, as expected, there is no strong dependence on target
size. This is expected as a result of the good focusing characteristics of the illumination system. The data presented in
Figure IB for the medium-pulse-length experiments show similar
characteristics. It appears that there is no change in
absorption mechanisms between the two different pulse-length
experiments although the absorption fraction is lower at 1.05
ym at the|higher intensities. This suggests that the dominant
absorption mechanism is time-dependent at 1.05 ym.
REFLECTED LIGHT SPECTRA
The spectra of the reflected light yields additional information about possible absorption mechanisms. The time variation
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FIG. 2. Streak camera record of reflected and incident light spectra. The incident pulse was
~~500 ps long and at 1.05 ¡xm. The reflected pulse is initially blueshifted.

of the optical path for the laser light between the expanding
critical surface and the vacuum causes a Doppler shift of the
reflected light to the blue [8], Stimulated Brillouin-scattering mechanisms will cause a.shift of the reflected spectrum
to the red as well as additional broadening [9,10}. The latter
effect can be modified when plasma flow is taken into account.
These two mechanisms generally occur simultaneously so that it
is difficult to unfold the role of each separately. Furthermore, because of the illumination system used in these experiments, it is not possible to distinguish between stimulated
Brillouin back-scattered and side-scattered light. Both the
Doppler shift and the stimulated Brillouin scattering will be
time-dependent, particularly in the early portion of the laser
pulse when the plasma scale length is changing rapidly [ll].
An example of the time-dependence of the reflected light
spectra is shown in Figure 2 for a medium-pulse-length experiment. The incident wavelength was 1.05 \xm and the resolution
was 15 psec. in time and 3.5 A in wavelength. At all intensities the spectrum is initially shifted to shorter wavelength
and gradually returns to the incident wavelength after about
200 psec. The magnitude of the shift increases weakly with intensity. The spectrum has significant structure both in wavelength and in time. The rapid variation of intensity with time
could be due to coherent effects in the collection optics [12],
but the variation with wavelength can only be due to physical
processes at the target.
Time-integrated reflected light spectra are shown in Figure 3A and 3B. From spectra similar to these, average shifts
of the spectral peak from the incident light wavelength are
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spectrum.

plotted as a function of intensity as shown in Figures AA and
4B. For irradiances below 3 x 10 1 5 W/cm2 both green and infrared spectra show blueshifts of a few angstroms - shifts consistent with the Doppler effect. At higher irradiance the
1.05 ym light is strongly blueshifted and the 0.53-ym light is
redshifted. A naive interpretation would suggest that 0.53-ym
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light is Brillouin-scattered at these intensities while 1.05-ym
light is not. However, it is possible that these shifts are
only an indication of different flow characteristics near the
critical surface for the two wavelengths or of an inward-moving
critical surface for 0.53-ym light.
CORONAL X-RAY EMISSION
The x-ray measurements were made using an array of 10 x-ray
PIN diodes with various K-edge filters in the range from 5 to 40
keV. This made it possible to determine the spectra with reasonable accuracy. It was determined that all the data could be fitted with a two-temperature model. The values for the high-temperature component are plotted in Figure 5A for the short-pulselength experiments and in Figure 5B for the medium-pulse-length
experiments. It was found that the data in both cases scales
as (1X^)0.4 which is consistent with previous measurements [l3]
and with the predictions of particle simulations [14]. The
solid line in the figure was the best experimental fit to data
taken previously at LLNL when glass microspheres were used [15].
Thus, it shows that under similar intensity situations the corona temperature 0.53 ym will be 60% of the temperature at
1.05 ym. This will provide a significant decrease in the amount
of preheat that penetrates to the fuel.
Of equal significance is a comparison of the amount of
energy in the hard x-ray component between the two laser wavelengths. The results from these measurements are shown in Figure 6A and 6B for the two different pulse lengths. The experimental values were obtained from the high-temperature component
of the x-ray spectrum and the calibration for the x-ray diode
array. Because the calibration of the x-ray diode array is not
well determined, the absolute ratio is rather uncertain, but
the comparison of 0.53-ym and l-.06-ym data indicates a very
strong decrease in the total energy of the superthermal electron at the shorter wavelength. It is also interesting to note
that a pulse-length dependence in the data occurs. This dependence is primarily caused by a reduction in the hard x-ray
fraction for 1.05 ym with the medium-pulse-length target experiments. It will be interesting to see if this variation persists as the pulse length is extended beyond 1 nanosecond.

FAST-ION ENERGY PARTITIONING
The fast ions observed in previous spherical-target experiments at 1.05 ym have indicated that a substantial fraction of
the absorbed energy is not efficiently converted to the hydrodynamic motion of the fuel pusher [16]. This- is because there

255

IAEA-CN-38/I-3

.

_
(A)

jg 20
3
t-

<
OC

%
¡U

l
ce
Ü
u
_i

^A^
1.-V-^

in

8
6

4

-

(B)

"

-Y

-¿-"•Ç
^-Í^Y
AT

-

: -+f

•
o

-

6 0 - 1 0 0 ps

:

0 . 5 3 Jim
1 . 0 5 Jim

^i

ô-""

•
_

J*

.*--t

^V

5 0 0 ps

300

"

•

„
2

0 . 5 3 ¡tm
1.05

u
t-

2

!

i

1 1 \ 1 1 1

_ 1

_l

1

1 LL1„

J

1

ni

1 1

1

I

l

I

I I M 1

IXz(Wcm"ZMm2 )

IX2 (Wcnf z Mmr 2 )

FIG.5. Hot-electron temperatures obtained from hard X-ray spectra.

T I IT

.

"

60-100

•
o

ps

.

|

-

3 5 0 - 5 0 0 ps

(A)

0.53 urn
1.05 urn

k

<i

i

•

0 . 5 3 iim

o

1.05 Jim

(8)

1 \
* k 4

l

* *

•

i
i
i

M

\\>\\

•

t

i

"
I
10'*

•

i
L, l _ i l _ U , l
I0 1 5
IRRADIANCE ( W - c n f 2 )

i

i

i

t

i i i

I016

10'

j

10

i

i

'

' ' ¡ ' i

- j — i

I0IS
IRRADIANCE ( W c m

'

'

' ' •

io w
2

)

FIG. 6. Integrated hard X-ray energy fractions (obtained by extrapolating the hard X-ray tail
to zero energy).

is so little mass carried off by the fast ions. A comparison
of the fast-ion fraction is shown in Figures 7A and 7B for the
two different laser wavelengths. The fast-ion energy was
determined by integrating the observed fast-ion component in the
charge collector response. Similar measurements have also been
obtained using a Thomson-parabola spectrograph and counting the
tracks in cellulose nitrate film [17].
Again it is noticed that the fast-ion fraction decreases
for the longer pulse lengths at 1.05 um. The correlation with
hard x-ray measurements is not surprising since both effects
are probably caused by fast-electron generation in the corona.
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The reduced energy carried away from the target by fast
ions at shorter wavelength implies a substantial increase in
the implosion efficiency. A direct measure of this efficiency
requires an accurate knowledge of how much energy is in the fuel
at peak compression. The ion temperature can be estimated from
the neutron yield but the value for the fuel density requires
an accurate description of fuel boundary and these measurements
have not been made [18]. Furthermore, these targets were not
optimized for producing large internal energies in the fuel,and
the 5-ura walls would have substantially more energy in the
pusher than in the fuel.
THEORETICAL INTERPRETATION
These experiments were simulated using the fine-zone version of the KMSF 1-D hydrodynamic code [19]. The primary aim
of these simulations was to model the absorption and scattering
data. The principal absorption and reflection mechanisms
modeled in the simulation were inverse bremsstrahlung, resonance
absorption and stimulated Brillouin scattering. All of these
processes have effects that depend strongly on the plasma temperature, the density profile and velocity profile near and
outside the critical density. These plasma parameters are
determined by the heat transport and the profile steepening
process. In our simulations the electron heat flow is calculated
using a flux-limited single-electron fluid model. Profile
steepening results from both ponderomotive forces and local
energy deposition [20]. This latter effect qualitatively
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models the momentum reaction of the thermal electrons to the
acceleration of superthermal electrons by the resonantly pumped
plasma wave. These effects can only be modeled by a simulation
code (such as used here) that allows very fine resolution near
the critical surface.
A large number of experiments on plane targets and spheres
suggest that for moderate to high intensity illumination, about
20 to 30% of the incident light is absorbed by collective processes near the critical surface [2l], Thus, in our simulations, 25% of the light reaching the critical surface is deposited locally in the electrons.
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Stimulated Brillouin scattering is modeled by adopting a
steady-state model of the interaction of the incident and reflected light wave with the driven ion acoustic wave [22] .
The ion acoustic wave is assumed to be heavily damped either
due to real ion damping or due to rapid convection of the wave
out of the growth region. In that case one can solve, in a WKB
sense, a set of two coupled non-linear equations for the incident and reflected light wave. The energy lost in the scattering process to the ion acoustic wave is deposited locally in the
ions. In actual fact a hot non-Maxwellian ion distribution is
created but, since the main damping is due to the gradient in
the flow velocity, the error made in depositing the energy in
a single Maxwellian group of ions is unimportant for these simulations.
The absorption as calculated by the previously described
simulation for short-pulse-length experimental conditions at
1.06 um and 0.53 urn is shown in Figure 8A and 8B and for medium-pulse-length experimental conditions in Figure 8C and 8D.
These simulations indicate that stimulated scattering is not
important in these experiments. For short pulse lengths, the
scattering is insignificant and for long pulse lengths the scattering is never more than 10%. Two factors that limit stimulated scattering most are the steep gradient at critical
density with the concomitant lowering of the underdense shelf
density and the large velocity gradients in these small-diameter
shells. The simulations indicate no strong scaling of Brillouin
scattering with wavelength because, in our model, the overall
scaling of Brillouin is determined by the factor
-

L

r1}2^
e

where L is the undershelf density scale length, X the laser wavelength, and n is the underdense shelf density in units of the
critical density. It is observed in the simulations that L and
6 e is independent of wavelength for a given intensity I. The
stronger ponderomotive force effects at 1.05 um make n vary
inversely with X. Combining all effects, we see why in our
simulations g is approximately independent of X.
It is well known that simulations will predict blueshifted
Brillouin-scattered light because the flow velocity is supersonic in the scattering region. Our simulations indicate that
most of the backscattered light is due to reflection from the
critical surface. We have calculated the time-dependent Doppler

1

This model is similar to the one reported in Ref.[23].
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shift of the light passing through a time-varying optical pathlength and found that streak camera record of the basic reflected light can be matched at least qualitatively. In particular,
redshifts normally associated with Brillouin can result from a
sudden change in the location of the critical surface when an
overdense bump becomes underdense. Clearly, more experimental
and theoretical effort will be required to form an understanding of the role Brillouin scattering will play in laser fusion
targets.
CONCLUSION
The studies reported here provide a substantial improvement
in understanding the wavelength dependence of the laser-plasma
interaction. They also show experimentally that there is a significant improvement in target response at shorter wavelength,
as has been predicted theoretically. It is not possible to determine completely the role of stimulated Brillouin scattering
from this set of experiments and it is not certain whether it
becomes more important by going to even shorter laser wavelengths.
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DISCUSSION
F.F. CHEN: I did not understand your statement that stimulated Brillouin
scattering should be smaller in the green. Most saturation processes would predict
a larger effect at shorter wavelengths, and indeed your data show this.
R.R. JOHNSON: The scaling of stimulated Brillouin scattering with laser
wavelength reported in Ref. [3] of the paper predicts that for reactor-sized targets
the reflection should be proportional to XL/D for resonant absorption and
X^3/D for inverse bremsstrahlung. The value for D is uncertain and depends on
the ion wave damping rate and the plasma density profile. If the plasma scale
length in these experiments were proportional to the wavelength, then for the
higher intensities where most of the significant wavelength shifts occurred, the
Brillouin-scattering dependence could be reversed with respect to wavelength.
The data need to be further analysed in these experiments to determine
the relative importance of the Doppler effect from the motion of the critical
density surface at the higher intensities. Furthermore, it is important to assess
the role of ponderomotive force. We are currently analysing data from interferograms at the fourth harmonic.
B.I. COHEN: How do you identify filamentation and distinguish it from
stimulated Compton scattering by ions?
R.R. JOHNSON: From the current series of experiments it was not possible
to make a distinction since the reflected light was not imaged. Future experiments
will be designed to allow this to be done. It is believed that most of the reflected
light results from stimulated Brillouin scattering, which theoretically has a lower
intensity threshold in these experiments.
B.I. COHEN: What is the status, of theoretical and experimental research
at KMS on simultaneous illumination with 0.53 and 1.06-/mi light?
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R.R. JOHNSON: We plan to do simultaneous illumination experiments
within the next year as we have available an all-reflective illumination system to
provide 4n coverage on spherical targets. We believe that this opens up the
possibility of an exciting series of laser-interaction physics experiments since it
would be possible to establish plasma density profiles at 1.05 ¿urn and then vary
the intensity of the 0.53-^im light. We have made some theoretical studies which
indicate that there will be collective effects in the plasma density profile which
will produce coherent coupling between the two wavelengths.
S. NAKAI: Have you any direct evidence indicating more effective
implosion at the shorter wavelength, i.e. higher neutron yield or higher pR values?
R.R. JOHNSON: Although the results presented at this conference
concentrated on the plasma physics effects in the laser-matter interaction region,
implosion data were also obtained. The highest neutron yield at 0.53 ¡¿m was
7 X 107 at 0.7 TW - comparable to the yields at 1.05 jum at the same intensity.
This is not surprising since at the higher intensities most of the absorption is
believed to be resonant and for the thin-walled targets used the amount of
heating by the superthermal electrons is comparable. The detailed analysis of
the (pR> in the fuel has not been completed but it appears that the implosions
have reached higher densities at 0.53 /urn for equivalent laser conditions. The
targets were not designed to maximize the (pR> in the fuel but it appears from
other experimental data that it should be possible to achieve 100 times liquid
density at 0.53 fim.
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Abstract
EFFECT OF LASER WAVELENGTH ON INTERACTION STUDIES FOR INERTIAL FUSION.
Results concerning the effects of laser wavelength, target irradian ce and pulse duration in
laser-target irradiation experiments are presented. They show the importance of short-wavelength
lasers in improving absorption efficiency, reducing fast-electron energy and preheat problems,
as well as in an increase of the ablation mass rate. Numerical simulations including these
experimental data confirm that short-wavelength lasers may prove useful for inertial confinement
fusion using ablative compression.

It is of fundamental importance in laser inertial
fusion to reach a state of very high density of matter
and high compression ratio. This will be possible only
if one can make an ablatively driven implosion without
significant preheat. Thus it is necessary to determine
what experimental conditions are favorable for this
purpose. Many of the processes involved in the effectiveness of laser ablative compression are related to
the quality of laser illumination, i.e. pulse duration,
intensity, uniformity of irradiation and laser wavelength [1]. Indeed the absorption efficiency, hot electron production, transport capability of the plasma,
and ablation rate depend upon these parameters. We present in this paper some experimental results concerning
these questions.- We have measured the dependence of
absorption efficiency, hot electron temperature, and
This work was part of the scientific programmes of GRECO Interaction Laser Matière.
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ablation rate on laser intensity, laser wavelength,
and pulse duration. Introducing the experimental data
in a numerical ID Lagrangian simulation allowed us to show
the great interest of short-wavelength lasers in laser
fusion.
Our system is a Neodymium glass rod laser, with a
final amplifier of 90 mm diameter. With KDP crystals
we can double the frequency with more than 50 % efficiency in energy conversion and quadruple it with 15 %
efficiency relative to the fundamental frequency. The
available laser energies are 20 J, 100 ps or 100 J,
2.5 ns at 1.06 ym ; 11 J, 75 ps and 32 J, 2 ns at 0.53ym;
and 2.8 J, 60 ps at 0.26 ym.
The laser beam was focusse d onto the target with
a 1.3 aperture aspherical 1ens . The fo cal spot diameters were determined from X-ray pinhol e photographs to
be 60 ym, 50 ym and 70 ym for waveleng ths of 1.06 ym,
0.56 ym and 0.26 ym respec ti vely. We n ote that the
beam quality was slightly d egra ded by frequency conversion , because the doubling efficiency is largest for
high intensities, favourin g hot spot p roduction in the
beam. The targets used in these experi ments were planar,
either massive or thin, an d mad e of po lystyrene or mylar
The main diagnostics for th e pi asma in teraction experiments were the following :
The plasma fractional absorption was determined
from optical energy balance with 4 TT calorimetry, using
an Ulbricht sphere [2] for calorimetry of refracted
light and monitoring the light back-reflected into
the
collimating optics (Fig. 1 ) . The hot electron temperature was determined with a 10-channel continuum X-ray
analyzer from
1 to 60 keV, consisting of 6 X-ray pindiodes and
4 photomultipliers with Nal scintillators.
photodiode

¿_ filter
attenuator
scattering
paint

/

backreflection
FIG.l.

Schematic diagram of the 4TJ calorimetry system, using an Ulbricht sphere.
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The third major diagnostic concerned heat transport and
mass ablation rate, which were determined by laser
transmission or X-ray emission during laser interaction
with thin foils, as function
of foil thickness [ 3 ] .
These measurements allowed us to infer the thermal front
penetration and ablation rate. Comparison with numerical
simulation also allowed us to infer the flux limit factor from these measurements.

£.5 3pm2ns

O0.26pm©

60ps

0.53pm80ps

incident flux
10'

FIG.2.

10.12

10i13

10 14 W.cm" 2 10 15

Fractional absorption of laser light for various experimental

conditions.

Figure 2 summarizes the fractional absorption of
laser light by the plasma for various experimental conditions. In general the absorption decreases when the
target irradiance is increased. Several physical processes are involved which depend on the experimental
conditions. For the short pulse case at 1.06 ym, detailed optical energy balance shows that the reduction of
absorption comes mainly from increased diffusely scattered light, which is twice as much as the backscattered light. This suggests diffuse scattering by a
strongly non-uniform critical surface. The decrease of
absorption at higher intensities is due to the reduction of inverse bremsstrahlung efficiency because of
increasing electron temperature with irradiance, and
also because of density profile modification. These two
parameters are necessary to explain the level of bremsstrahlung absorption and its variations. At high inten-
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sities when inverse bremss trahlung is negligible, the
residual 30 % - 5 % level of absorption can be explained by resonant absorption on a non-uniform critical
surface with ripples in th e electron density profile
[4]. This level of absorpt ion has been observed by
many other laboratories in various conditions and is
almost independent of wave length. At 10.6 urn and
10^-2 W/cm^, we have measured about 30 % absorption,
which is in agreement with the Los Alamos results for
a broader range of intensi ties [5],
The above discussion remains valid only when no
other loss mechanism for laser light is involved. In
long pulse experiments the behaviour is slightly different. At low intensities inverse bremsstrahlung absorption is larger than in the short pulse case because of
a larger plasma scale leng th , which is then of the order of focal spot size. However, at high irradiance
above 10-^ W/cm^, backrefl ection into the aperture of
the collimating optics beg ins to be larger than the
diffusely scattered light. If this behaviour is maintained for larger irradiances, one would expect a very
low absorption efficiency above lO-*--5 W/cm^ for nanosecond pulses. This can be explained by the occurrence
of Brillouin backscatterin g, as observed in NRL experiments [6].
Finally, the third parameter playing a significant role in absorption is the laser wavelength. Near
10l5 w/cm^, absorption is 30 % ± 5 %, 60 % ± 5 %, 90 %
* 5 % at laser wavelengths of 1.06 ym, 0.53 ym, 0.26ym
respectively, for short laser pulses. The increase for
short wavelengths is explained by a much larger level
of inverse bremsstrahlung, whose efficiency is extended to higher laser intensities at shorter wavelengths
This occurs because the ra tio of plasma density scale
length to laser wavelength is larger for short wavelengths. In addition, classical absorption increases
because the electron temperature in the subcritical
plasma is lower for short laser wavelengths. (Comparison with hydrodynamics codes suggests that the plasma corona temperature folli•ws a stationary model with
flux-limited transport for a value of flux limit between 0.02 and 0.04).
The electron temperature [7] has been determined
from plasma X-ray emission. The usual two electron
temperatures can be found from analysis of the X ray
distribution. From the soft X-rays below 2 keV, we
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Variation of 'hot-electron ' temperature for various experimental

conditions.

obtain the "cold" plasma te mperature wh ich refers to
that part of the solid whic h is heated by thermal conduction. This temperature i s several hu ndred eV and has
relatively slow variation w i th irradian ce, wavelength
and pulse duration. The har d X-ray prod uction above
5 keV is attributed to fast electrons a nd givestheir
temperature. Figure 3 shows the variati on of the "hot
electron" temperature for v arious exper imental conditions. The results have bee n plotted as a function of
the usual parameter ((f) A 2 ) and follow t he experimental
scaling law Tn ~ ( $ A 2 ) ' ' 4 5 . In more det ail, the exponent of (<j> A 2 J is smaller t han 0.45 for high values of
( <t> A 2 ) , and is closer to 0.5 below (J)A2 ~ 1 0 l 4 u . c m - 2 y m 2 #
The results are relatively insensi tive to the pulse duration as evidenced by long pulse exper iments at 1.06ym
and 0.53 ym. Comparison wit h existing t heory gives reasonably good agreement at v alues of ( <j> A 2 ) above a few
1014 W'cm"2.ym2 ; recall tha t the numeri cal description
of resonance absorption [8] predicts T., ~ (4) X 2 ) a
where 0.3
< a < 0.4. Howev er for low ( (J) A 2 ) and especially for short wavelength s the valu es of Tn are
smaller than the extrapolât ion of this theoretical scaling law. In this case coll isional abso rption is dominant, and it reduces the fi eld at the c ritical surface,
decreasing resonance absorp tion heating . Moreover, under these circumstances the hard X-ray emission could
be related to the plasma co ronal temper ature rather
than to the
"fast electron s" produced by resonance
absorption. Then as mention ed
above, i n a stationary
model with flux limited tra nsport , a sc aling 1 aw like
T ~ ($ A 2 ) 2 ' 3 is expected, In fact the latter gives
better agreement for the va riation of T u in the low
(<J) A 2 ) regime, as suggested in ref. [7]
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TABLE I. NORMALIZED ABLATED THICKNESS A CALCULATED FROM
VARIOUS EXPERIMENTAL PARAMETERS
A is the incident wavelength, 0 A the incident flux, and dx the heat penetration
depth for thermal transport in Â

X
(Mm)

(W-cm-2)

r
(ns)

10 14

0.1

1100

0.24

10

0.1

2200

0.22

1.5 X 10 14

2.5

3700

0.28

5 X 10 14

0.08

1.06

0.53

1S

(A)

5X 10

13

2

10 14

0.26

A_

0.06

4300

0.29

45000

0.26

4500

0.27

dT(Â).p0(g-cm-2)
O^tWcm^J.X" ^.(pmj.c-tns)

o
•
•
•
«

0.01
0.001

A:1.06
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.. 0.53
- 0.53
.. 0.26

pm
..
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..
..
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OJ01
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FIG.4. Variation of normalized ablated thickness with flux-limiting factor f, with corresponding
experimental data (see Table I) lying in the shaded area.
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The third series of
data obtained concern energy
transport. We have measured the heat penetration depth
in thin foil experiments, using the procedure described
in a previous paper [ 3 ] . The results obtained are summarized in Table I and their comparison with numerical
simulation is shown in Figure 4. In this figure we plot
the value of a parameter A as a function of the fluxlimiting factor. The parameter A is proportional to the
heat penetration depth for thermal transport, d j . In
order to make a comparison with different experimental
situations we use a normalization

d TT. p^o
1/3

, -4/3

-3

is in A,
Here p
is the so lid de nsi ty in g/cm
<J> ÍS tRe 1 aser ir radian ce i n W. cm - 2 , X is in ym, and
T is the 1 aser pu lse du rati on in ns. This normalization corre sponds to the abl a t i o n -rate seal ing laws
cale ulabed in an analyt ical stat ionar y mod el wi th flux
limi tation f, ass uming mass cons er vat ion a nd sonic veloci ty for mass f low at the crit ica 1 densi ty. The resuit s of n umerica 1 simu lati on ar e plo tted versus the
valu e of f , the flux-li mit ing fa ctor : for small values
of f , the variâti on of A is clos e to fl/3. The experiment al res ults ar e also plo tted on th is gr aph with the
same norma lizatio n. We draw the cone 1 usion that there
is g ood ag reement with nume rical simu latio n and the analyti cal mo del for a flu x-li mitin g f actor 0 .01 < f < 0.04
whic h i s t he same for a 11 w avele ng ths . Thus there seems
to b e flux limita tion a t al 1 wav eleng ths w ith the same
valu e of f . However , th e tr anspo rted flux is clearly larger for sh ort wav elengt hs d ue to the ef f ect of larger den
sity in th e energ y depo sit ion re gion.

The se e xperi ment s in dicat e that shor t-wa velength
lase rs s eem very prom isin g for laser f usi on a nd can
sol v e ma ny p roble ms. The colli sional abso rpti on effic ien cy i s la rge e ven at h igh i ntensit ies, and the level
of b acks catt ering in long -puis e exper imen t s i s smaller.
The temp erat ure i n th e co rona is sign if ic antl y reduced
by t he u se o f short w avel ength s, and this sho uld decrease t he e ffec t of preh eat ing. F inally, eve n th ough our
expe rime nt s have show n th at th ere may be flux limitation for all wave leng t h s , the transpo rt c apac ity of the
plas ma i s st ill 1 arge r f or sho rt wave leng ths resulting
in a hig her ablat ion rate and ablatio n pr essu re.
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FIG.5. Fuel density obtained from numerical simulation as a function of incident laser
frequency and target wall thickness, computed when 50% of neutrons have been produced,
and space-averaged, the DT density being nearly uniform at this time.

10'
neutron yield
4uj

10 10

10*

10*

wall thickness (urn)

0.5

FIG.6. Neutron yield, obtained from numerical simulation, as a function of incident laser
frequency and target wall thickness. The parameters are: 35 J of laser light absorbed in
100 ps in a glass microballoon 100 fim in diameter, filled with a DT mixture of 10 atm.
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Some of the experimental results for absorption,
hot-electron production and flux limitation have been
included in a numerical description of the implosion of
100 urn diameter glass microballoons with a 10 atmosphere
D-T fill. We used the code FILM, a ID Lagrangian hydrocode which includes multigroup treatment of fast electrons.
The fraction of absorbed energy in hot electrons and
their temperature were respectively 9 5 % at 12 keV
for 1.06 ym, 80 % at 6 keV for 0.53 ym, and 40 % at
3 keV for 0.26 ym. The absorbed energy was 36 Joules.
Figures 5 and 6 show the results of these simulations.
It appears that the use of a U\l laser can produce a
good ablative compression regime which gives higher
compression factor and larger neutron production.
These experimental results and numerical simulations seem extremely favourable for the use of shortwavelength lasers in inertial fusion. However, there
are still some points to analyze in order to be able
to extrapolate these experimental data, for instance>
the effect of illumination uniformity and lateral
transport, and the occurrence of Brillouin backscattering at high intensity. Nevertheless, short-wavelength
lasers may allow the use of higher irradiances on target, resulting in smaller targets with better aspect
ratios. This can reduce hydrodynamic instability problems and the energy needed to obtain high compressions
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Abstract

ETA-BETA II: REVERSED-FIELD PINCH PLASMAS WITH IMPROVED CONFINEMENT.
The range of parameters in which optimum heating and confinement of reversed-field
pinches is obtained is studied in the ETA-BETA II device by varying the filling pressure and
the toroidal current amplitude. Impurity radiation losses are found to dominate at relatively
high densities (p 0 > 10 mtorr). Large magnetic field fluctuations are found at low densities,
but an optimum range exists (at I/N ~ 10~ 14 A-m) with small radiation losses and reduced
fluctuations, characterized by long current duration (~1 ms) and higher temperature (~80 eV).
Reversed-field pinch behaviour at the optimum of I/N is analysed, and the effect of varying
the field programming to produce a range of discharges with different pinch parameter 8
is studied.
1.

INTRODUCTION

The reversed-field pinch (RFP) configuration is of interest for thermonuclear fusion
because it is capable of heating the plasma to high temperatures, and possibly to ignition, by
Ohmic heating alone without requiring high-toroidal magnetic fields and/or auxiliary
heating. Previous experiments have, however, shown only in ZETA [1 ] a phase of reduced
losses in which the temperature increased and the confinement improved. The other smaller
experiments [1] have shown good confinement and stability only at low temperature (~10 eV).
It is therefore important to obtain further experimental evidence, besides ZETA, of the
possibility of producing RFP plasmas in a regime with reduced losses, in which optimum
Ohmic heating can be obtained.
With this goal, a new generation of slow, intermediate-scale RFP experiments are under
way, including ETA-BETA II, Padua (operating since March 1979), ZT-40, Los Alamos
(operating since October 1979), HBTX1 A.Culham, and TPE-1RM, Sakura-mura, Japan.
* Culham Laboratory, Abingdon, Oxon., United Kingdom (Euratom-UKAEA
Fusion Association).
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TABLE I. ETA-BETA II: EXPERIMENTAL PARAMETERS

Major radius

0.65 m

Inside radius of liner

0.125 m

Peak plasma current at 40 kV

~300 kA

Risetime to peak current

~100 Ms

Decay time of primary current

—3 ms

Peak toroidal field at 40 kV

-0.5 T

Quarter period of B^ field

~150MS

Base pressure

~ 4 X 10~8 torr

Liner stainless steel

316/L AISI

Re

- 2 4 0 /XÍ2

R^

~30m£2

Wall thickness

0.25 mm

Depth of bellows

15 mm

Radius of B^ coil

0.155 m

Reff for flux conservation

0.178 m

I^bank 132 MF, 40 kV

105.6 kJ

I 0 bank 96 juF, 40 kV

76.8 kJ

Here we report experiments performed on ETA-BETA II in which, by varying the
filling pressure and the peak plasma current, a range of I/N with minimum losses, optimum
confinement and heating have been obtained. Impurity radiations are found to dominate
at relatively high densities (p 0 ^ 10 mtorr); large magnetic field fluctuations are found at
low densities; but an optimum range is observed (at I/N — 10" 14 A-m) with small radiation
losses and reduced fluctuations characterized by longer current duration (—1 ms) and
higher temperatures (—80 eV).
Finally, the effect of varying the pinch parameter 8 (6 - Bg^/iB^)), obtaining a range
of cases, including a Spheromat type with zero toroidal field at the wall, is described and
the correlation between the end of the field reversal and the plasma current termination
is discussed.
2.

EXPERIMENTAL RESULTS

Table I gives the main parameters of ETA-BETA II. Most of the experiments have been
carried out at a peak plasma current of 250 kA and with B^, average of about 0.3 T. Filling
pressure of the deuterium gas ranged from 3 to 25 mtorr. The RFP configurations were set up
slowly (>100 MS) in many Alfvén times (—1 ¡JLS). Owing to the large flux reservoir outside
the first wall (liner) giving X = ^ext/^int ~ 1, in most of the experiments a programming-aided
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FIG.l.
Comparison of RFPand SPfor p 0 = 6.6 mtorrofD2.
I<j> is the total toroidal
current (measured by a Rogowski coil wound round the liner); B<pw is the toroidal field at
the wall (measured immediately outside the liner).

reversal was used, in which the plasma has only to drive the reversal inside the liner, while
the B^, circuit is controlled to drive the external value of the field. In practice the B^ circuit
is allowed to complete a.half period of oscillation before crowbarring, while the current is
initiated at or near the peak of B^.
Studies of RFPs at various filling pressures as well as a comparison between RFPs and
simple stabilized Z-pinches (SP) were reported in Ref. [2]. Longer current decay times and
smaller fluctuations of the current derivative dl/dt have always been observed in RFPs than
in the SPs.
Figure 1 compares a RFP and a SP for a peak current of S250 kA and filling pressure
6.6 mtorr of D 2 . A clear reduction in the fluctuations on the dl/dt signal is only observed
in the RFP and is associated with the slow current decay phase (behaviour very similar to
that observed in ZETA [3]).

2.1.

Optimization of RFP properties versus filling pressure and peak current

The plasma behaviour as a function of the filling pressure and of the peak current has
been systematically analysed by scanning from 3 mtorr to about 25 mtorr of D 2 at three
peak toroidal current levels: t ^ = 180, 250 and 280 kA. The range of usable filling pressures
has been extended down to 3 mtorr of D 2 by employing a heated filament which removes
the erratic breakdown previously observed below 5 mtorr of D 2 [2].
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*8.0

FIG. 2. Behaviour of 1$ and Bcj>w for RFPs at various filling pressures p 0 .

Figure 2 compares the time behaviour of the current, 1^, and of the toroidal field at
the wall, B^w, for RFPs withT^ = 280 kA at different filling pressures p 0 . The figure shows
that while a similar peak current and reversed B^, are attained at various p 0 , the later
evolution of the pinch depends strongly on p 0 . This is demonstrated in Fig.3, where the
time Tj for the current to decay to 1/e of its peak value is plotted for the pressure scans at
280 and 180 kA. A maximum of the current decay time (scaling withT^,) is observed and
is interpreted as due to a lower plasma resistance associated with reduced losses.
The pressure dependence of the electron temperature on axis at the time of current
peak, measured by Thomson scattering, is shown in Fig.4. These results confirm that only
inside a narrow pressure range do the reduced losses allow the plasma to be Ohmically heated
at higher temperature; the two sets of reported points refer, respectively, to previously
collected data [2] and to more recent measurements (the recent improvement is an indication
of a reduced impurity content).
There are clear indications that at high pressures impurity radiations dominate and
prevent the temperature rise, whereas at low pressures turbulent diffusion associated with
field fluctuations is thought to be the dominant loss mechanism. Figure 5 summarizes such
indications, showing the measured variations of the relative magnetic fluctuation level,
SB/B, and of the total radiated peak power, P rac i, as functions of the pressure. The reported
level of magnetic fluctuations, 5 B/B, is the peak-to-peak of the high-frequency (~100 kHz)
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FIG. 5. Measured peak of the total radiated power (r rac ¡), in arbitrary units, and relative
magnetic fluctuation level (5B/B) versus filling pressure. The dashed line represents the
computed ¥T¡¡¿ in absolute units.

fluctuations of the Be field measured in the outer plasma region (with a probe inserted in a
porthole) normalized to the B0 itself. The fluctuations on the B^ field component are similar.
The total radiated power is measured with a sodium salicylate scintillator and integrated
along a minor diameter (the maximum Prafj of the measured signal is reported). An absolute
calibration of the total radiation is not available at the moment, but the average energy of
the measured photons has been evaluated by using various filters, including gas filters, and
the average energy does not vary significantly (<X) ~ Â) with filling pressure. Thus the
relative comparison of the radiation at the various filling pressures is reasonable. On the
other hand, the time integral of the radiated power can be compared with the energy input;
if it is assumed that the radiated energy represents the total energy loss at the highest
pressure considered (~25 mtorr) at the lowest pressures (~6 mtorr), the measured value for
the radiated energy would correspondingly represent only less than 10% of the total input [4].
Figures 3 - 5 also show the results from a zero-dimensional model [5] in which the
ETA-BETA II circuit drives a plasma with classical resistivity and in which the significant
energy losses are impurity radiation from oxygen [6] and turbulent energy transport
proportional to 5B/B [7]. When the measured values of 5B/B are used together with an
oxygen impurity content of 4 X 10 18 m - 3 , the code predictions for T\ (Fig.3) and for Pracj
(Fig.5) are similar to the observed behaviour. For the computed values of P ra( j,absolute
values are reported whereas, as discussed above, the measured values have to be referred to
arbitrary units. The computed values of T e for a set of calculations including only oxygen
radiation are compared with the experimental results in Fig.4. The code confirms that, at
high pressure, impurity radiation losses dominate whereas, below the optimum pressure
range, turbulent transport limits the temperature.
As an example of the general behaviour discussed, Fig.6 shows results from RFPs
atT^ = 280 kA where only the filling pressure has been varied.
The 6.6 mtorr example falls into the optimum pressure range in which the decays of
1^, and B ^ (top two waveforms in Fig.6) become much slower than in the high and low
Po cases, while the final termination is abrupt. The next three waveforms show 1^,, B# and B^.
The two latter are measured with an insertable probe in a porthole at minor radii 0.157 m (B^,)
and 0.145 m (BQ). The level of fluctuation of these quantities is seen to fall as p 0 is increased.
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For overall clarity the graphs show points every 10 ¡JLS only, and thus any frequency above
50 kHz is not shown.
The signal Pra(j gives the total radiated power loss. The peak value of ?ia¿ increases
with Po, and the time behaviour changes from being approximately constant in time at high
Po to falling sharply at <,6 mtorr.
The lower traces of Fig.6 show the line-of-sight density measured on a minor diameter
with a laser interferometer (3.39 fxm) [8]. The scale in the figure is in terms of average
electron density corresponding to a uniform radial profile (note that the base-line of the
interferometer signal is affected by vibration from ~0.7 ms, while the actual sensitivity
cannot be better than ~ 0.1 X 10 21 m~ 3 ).
Figure 7 plots the peak density (ne> measured by the interferometer and that n e (0)
measured by Thomson scattering on axis versus filling pressure. The peak densities measured
by the two methods are both proportional to the filling pressure. The values of the two
measurements are consistent, within the experimental errors, with a radial profile approximately
parabolic and with full ionization of the filling gas. The change in time evolution of the average
density (Fig.6) is very marked as the filling pressure is reduced. At high pressure the density
is maintained, whereas at pressures equal to or less than the optimum value the density falls
markedly between the current peak and the end of the B^ programming.
In Fig.3 the optimum Po range is seen to be from about 6 to 8 mtorr for the highest
current case and about 4 to 6 mtorr for the lowest. At larger peak current the increased Ohmic
heating power allows the impurities to burn through at correspondingly higher densities. It
has been observed, however, that the larger the current the higher is the critical filling
pressure below which large fluctuations appear and poor confinement is obtained.
The relevant parameter seems to be I/N, as discussed in Refs [9] and [10]. Figure 8 plots
the results of the pressure scans at various current levels as a function of the ratio T^/N 0 , where
N 0 is the line density corresponding to the filling pressure p 0 (the actual line density is known,
from the measurements, to be proportional to the filling density near the current peak). The
optimum range is centred at about 1 — 1.5 X 10~ 14 A-m.
The quiescence in ZETA was also observed at approximately the same I/N reported
here, although no I/N window for the heating was observed in ETA-BETA I, probably because
the oxygen impurity content was too high ( ~ 1.5 X 10 19 m~ 3 ) [11].
The overall indication of the experiments is that maximum heating should be obtained
working with as low an impurity content as possible at the highest I/N compatible with small
turbulent transport losses.

2.2.

Properties of the 'quiescent phase'

In Fig.6, the 6.6-mtorr case, the phase from 0.6 ms to 1.4 ms is noticeably different
from that of the low-and high-pressure case and its peculiarities have many aspects similar
to the quiescent phase of ZETA [3], hence it is loosely termed the 'quiescent phase' (QP).
During QP, both electric and magnetic toroidal fields at the wall are negative. The
current decay is approximately linear (and would fall to 1/e of its initial QP value in more
than 1 ms, extrapolating). The fluctuations on dl/dt are strongly reduced. The fluctuation
level of the magnetic fields in the outer plasma region also becomes small. In particular,
data collected by a probe inserted in the liner up to 3.75 cm show that the rms level of 5B/B is,
during quiescence, typically 0.5%, which is ~ 5 times lower than during the programming.
Frequencies from a few tens to a few hundreds of kHz are observed and it is found that 5B^
and 8BQ are similar in amplitude.
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Extensive measurements of the electron temperature and density have been made and
the most important results can be summarized as for two typical conditions. For discharges
characterized by the longest duration, such as the one described above, the QP starts at
about 0.3 ms from the current peak and Thomson-scattering measurements on axis show that,
before QP, Te(0) is consistently rising up to ~70 eV, while n e (0) and the line-of-sight
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FIG.9. Time behaviour o/T e (0), ne(0) (from Thomson scattering) and o/<ne> (from interferometry). The plasma current I p is also shown.
density <ne> indicate a large drop (about a factor 6 - see Fig. 9(a)) during the programming
of the reversal. During QP,<ne> appears to stay about constant at the sensitivity limit of the
interferometer, while Thomson scattering has not given reliable results because the density
is too low.
In the second case (Fig.9(b)), which is similar to that reported at the 1979 Oxford
Conference [2], the period between current peak and quiescence is reduced to 0.1-0.2 ms
by reversing the toroidal B^, field less (see Section 2.3), and the quiescence itself lasts only
about 0.5 ms. In this case the density drops only by a factor of about 3 before quiescence
and afterwards decreases slowly. Thomson-scattering measurements have been possible
during the entire plasma life and show that the electron temperature rises to about 50-60 eV
before QP and continues to rise slowly during quiescence.
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Estimates of the energy confinement time TE, based on some internal probe measurements
as well as on the previously described measurements of temperature and density, indicate that
TE is ~100 us during QP, while (}e is 0.1-0.2.
Improvements in detection sensitivity and space-resolved analysis are required if
more accurate information about particle and energy losses and heating efficiency is to
be obtained.
An analysis of the current decay phase with a circuit model [12] indicates that the
electrical resistance decreases rapidly during the initial current decay and that subsequently
(during the linear decay phase) it stays constant or slightly increases.

286

BUFFA et al.
( a )

J

3"5?

FIG.11.

1b )

<34V

(c)

43

F-0 behaviour of three RFPs with different field reversal.

The QP is only seen for a certain filling-pressure range, described above as the optimum
range; it is not obtained if the internal probe is inserted more than ~ 4 cm or for the first
few shots after air has entered the vacuum system. In these cases current decay is more rapid
and the abrupt termination is not seen. The QP has only been produced in aided reversed RFPs,
The QP is always found to end when B,^, approaches zero. The termination is generally
preceded by increased activity on the probe signals for 10—15 /us (see e.g. Fig.6); then 1^,
drops to zero over 20 ¡JLS and E^,W1B^, w become positive. The mechanism of the termination
is not yet clear.
2.3.

Effect of varying the programming

AtTy, = 250 kA and at the optimum of T^/No, a set of measurements have been made
reducing the reversal of the toroidal field at the wall by applying the V# crowbar earlier (Fig. 10).
Progressively, QP starts earlier and its duration is reduced; finally, when the toroidal
field at the wall is not reversed at all, a simple SP discharge is obtained and an exponential
decay of the current is observed.
Figure 11 shows in detail the F-0 behaviour of three RFPs with different reversal, the
third (Fig. 11(c)) being the limiting case of a Spheromak-like pinch. The reported
F = Bv,wi/<By,) and 0 = Bg^-JiB^) refer to B^,w¡ and B^wi, which are the values of the fields
just inside the liner, while (B^) is the average field measured by a flux loop wound round the
liner. The evolution of the discharges in the F-d diagram is seen to be similar to that of
previous experiments [13, 14].
Discharges with less reversal start QP earlier but have lower 0. In all three cases, 1^,
decays during QP with a similar time derivative, and the discharges move up the F-0 curve at a
similar rate. When F approaches zero (i.e. the B^ reversal is lost) the current decay rate
increases sharply and the discharge terminates. If the discharge is programmed to decay from
a 0 < 1.5 (SP), as in Fig. 12(b), no quiescence is observed and an exponential decay occurs [2].
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The relaxation mechanism appears to be operating in the pinches described above, as
indicated by the form of the F-Ô curves. This process can be demonstrated more clearly by
forming entirely self-reversed pinches (SRP). Figure 12(a) gives an example of a SRP. The B^,
bias field is set up, the V# crowbar is applied, and B^, is allowed to equilibrate across the
liner; then from 0.5 ms in Fig. 12 the 1^ current is induced. The discharge evolves along the
usual curve in F-d to become an RFP. At the end of the setting up of the RFP configuration,
the current value is not very much lower than for the corresponding aided RFPs, but later
the current decays faster. Energy has been consumed to reverse the field outside the liner
and wall interactions that are too high can be involved so that a lower temperature and
higher resistance is expected for the SRPs.
Figure 12(b) shows an example with a higher initial B^iO < 1.5), which therefore does
not reverse. Comparison of Figs 12(a) and (b) shows that the magnetic field fluctuations
measured by internal probes are much lower than in stabilized pinches even if no long quiet
decay (high temperature) is observed.
3.

CONCLUSIONS

In ETA-BETA II, an experiment of intermediate scale with minor diameter only about
twice that of the previous small devices, the evidence of an RFP plasma regime with reduced
losses and improved confinement ('quiescence') has been obtained.
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The use of a metal liner and improved vacuum technology and cleaning resulted in a
reduced light impurity (oxygen) content, which seems to be one of the main reasons for
the improved behaviour.
The period of quiescence is observed for current and filling-pressure values, giving a
ratio I ^ / N Q centred at 1 — 1.5 X 1 0 - 1 4 A m . Impurity line radiation is the dominant loss at
relatively high densities (low I/N), and turbulent transport associated with large magnetic
field fluctuations dominates at low densities (high I/N); however, an optimum range exists
which shows quiescence with small radiation losses and reduced fluctuations.
Quiescence is attained after a period, following the current peak, in which the
temperature rises and the density is strongly reduced (pump-out effect, already observed
in ZETA [3]).
During quiescence the temperature appears to increase slowly while the density remains
about constant. From the available data, r ¡ ; is estimated to be ~ 1 0 0 ¡JLS and @Q ~ 0 . 1 - 0 . 2 ,
but more detailed analysis is required for an accurate evaluation of the mechanisms affecting
the time dependence of the plasma energy.
If configurations with different 8 are produced at the optimum I/N, by varying the field
programming (provided the toroidal field is reversed at the wall) the current decays with a
similar time derivative, and during the decay the discharges move up to the universal F-0
curve at a similar rate.
There is evidence that quiescence holds as long as F is negative (i.e. B^, is reversed),
suggesting the possibility of extending its duration by sustaining 0 (i.e. the toroidal current).
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DISCUSSION
H.A.B. BODIN: The results from ETA-BETA II show a marked improvement over the smaller experiments reported at previous conferences. The
reduction in impurities is evidently due to improved conditions and possibly
to the use of a larger-sized metal-walled tube. Also, the fluctuation level reaches
very much smaller values than in previous experiments. Can you comment
on why this is so?
A. BUFFA: An important difference between ETA-BETA II and ETABETA I is the large reduction (about a factor ten) in the impurity (oxygen)
content. With comparable values of I/N, the fluctuation levels were similar in
ETA-BETA I and II, but the region of improved confinement could not be
observed in ETA-BETA I because it was not possible to burn through the
oxygen impurities.
D.R. SWEETiMAN: The electron temperature appears to have almost
reached its steady-state value during the quiescent period. Is it possible therefore
to estimate the energy confinement time, and, if so, how does this compare
with that obtained from scaling laws derived from tokamak experiments (r~na 2 )?
A. BUFFA: If we assume equilibrium between the Ohmic heating and the
losses and a classical plasma resistivity, the energy confinement time can be
estimated to be of the order of hundreds of microseconds.
R.S. PEASE: You are to be congratulated on your results from the
ETA-BETA II apparatus which, it seems to me, have confirmed on a much smaller
and therefore more difficult apparatus the main results on self-stabilization
of toroidal discharges observed in the old ZETA device. I would like to ask now
whether you made any measurements of the plasma density near the walls?
A. BUFFA: No. Up to now we have made local measurements of density,
by Thomson scattering, only on the axis. The line-of-sight density is also
found by a single-chord infra-red laser interferometer. The locally measured
values and the average are consistent with an approximately parabolic radial
profile peaked on the axis.
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Abstract
INITIAL REVERSED-FIELD PINCH EXPERIMENTS ON ZT-40 AND RECENT ADVANCES
IN RFP THEORY.
The ZT-40 reversed-field pinch (RFP) has been operated in several modes: (1) without
reversed toroidal field, (2) with self reversal, and (3) with aided reversal. In the RFP mode,
with fill pressures below 15 mtorr, current decay times are significantly lengthened over nonreversed-field operation. Temperatures have been obtained up to ~ 70 eV at peak current,
well above the troublesome O VI radiation barrier. Quiet periods, ~ 0.1 ms, have been
observed in magnetic field and plasma density fluctuations. Recent operation with a power
crowbar overcomes external circuit losses, which limit current decay times to ~ 0.3 ms with
a passive crowbar. An analytic Ohmic heating and ignition model confirms and provides
guidance for transport codes. Non-dissipative formation schemes have been analysed and
ideal MHD-stable evolution and burn scenarios have been found. Particle and fluid simulations
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have produced qualitative agreement with respect to the non-linear behaviour of m = 0
resistive g-modes. Helical Ohmic reversed-field states are produced by a 2-D dynamical simulation, and non-linear analytic work describes the final state. A fast resistive MHD code for
linear stability has clarified the relations between several kinds of resistive instabilities.
Ballooning modes and g-modes in systems with arbitrary magnetic shear, including resistivity
and viscosity, have been studied in a unified treatment with growth rate versus wavenumber
showing the existence of important cutoffs. Finally, work on auxiliary heating for profile
control is in progress with a guiding-centre code and a more complete model containing gyroresonant effects.

1.

INTRODUCTION

The ZT-40 experiment is one of the intermediate-sized, reversed-field
pinch (RFP) experiments that include ETA BETA II (Italy), HBTX-1A (U.K.), and
TPE-1R (Japan). The goal of these experiments is to extend the plasma temperatures and confinement times an order of magnitude above previous small
RFP experiments [1,2,3,4] and to establish the physics base for the next
generation of devices.
This paper summarizes the initial experimental
results obtained on ZT-40 and new RFP theoretical results on startup, ohmic
heating, ignition and burn, helical ohmic states, linear and nonlinear
stability, and magnetoacoustic heating.
2.

ZT-40 EXPERIMENT
ZT-40 is designed so that current risetimes can be varied.
With four
current feeds the toroidal current risetime is 0.1 ms and is the arrangement
used for most of the results reported here. The toroidal field risetime is
0.05 ms.
The
experiment
has
a
99.5%
alumina
vacuum
chamber
(R/a, = 1 1 4 cm/20 cm) surrounded by an aluminum shell (R/a~ = 1 1 4 cm/22 cm),
and magnetic cores to improve the coupling in the toroidal circuit. Toroidal
plasma currents up to 600 kA and toroidal fields up to 5 kG are passively
clamped.
An active clamp circuit (power crowbar) has only recently been
added.
3. STARTUP
3.1. Modes of Operation
ZT-40 has several modes of startup: (1) as a nonreversed field pinch
(NRFP) (known historically as a stabilized pinch); (2) with a self-reversed
toroidal field; and (3) with a programmed reversal of the current in the
toroidal field windings (called aided reversal). Sample waveforms are shown
in Figs 1, 2 and 3.

0
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200
300
TIME (/is)

400

FIG. 1. Non-re versed field pin ch.
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pinch.
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3.2.

Start-up Phenomena
Multi-chord interferometer measurements of an NRFP show that initially
the electron density peaks smoothly near the wall, persisting for the first
30 us. Below 15 mtorr a striking transition occurs; the sheath becomes
unstable and fluctuations in density appear. At the lower pressures there is
a marked increase in x-ray production and a shortening of the current decay
time.
As discussed in the next section, the marked deterioration of decay
time at low pressures is overcome when the discharge is operated as an RFP.
The toroidal volt-seconds required during startup were measured for
current risetimes of 33, 45, 95 and 240 us and initial gas pressures between
"• 7 and 30 mtorr.
The three shortest risetimes used four
feedpoint
operation, three different bank voltages with the discharge current clamped
at 360 kA. The initial toroidal field was fixed and 6 at peak current was
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FIG.4. Decay rate of ZT-40 operated
as an NRFP (solid points} and a selfreversed RFP (open points). The
predicted decay rates for a uniform
current density pinch are shown by
the dashed lines.

~ 1.4 (8 = BQwaii/<B<!,>)• Th e 240-us operation used a single-current feed and
the initial toroidal field also was held constantAs the risetlme is
lengthened, more volt-seconds are needed,particularly at low pressures. There
is little variation with initial fill pressure above 10 mtorr.
Values of
k = (/Vdt/Ll) in the range of 0.6 to 1.7 for a filling pressure range of 10
to 30 mtorr are estimated using the Bessel function model with 8 = 1.4. The
increased flux consumption at the low pressure is believed to be the result of
flux annihilation [5] on axis due to enhanced resistivity. This appears to
be associated with the increased density fluctuations discussed above.
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4.
SUSTAINMENT
4.1. Current Decay
As mentioned earlier, there is a marked increase in the current decay rate
of an NRFP as the filling pressure is decreased. For the self-reversed RFP
the decay rate is essentially independent of the pressureras shown in Fig. 4.
A sharp transition in the current decay time is seen as the discharge is
varied from an NRFP to an RFP by varying the amount of aided reversal
(Fig. 5 ) , which is a function of the crowbar time. These effects may be due
to the better containment properties of the RFP.
The longest decay time
observed in ZT-40 with passive clamping is close to the predicted maximum
decay time, *- 350 us as determined by the external circuit dissipation and
the estimated plasma inductance.
4.2. Quiet Periods
Periods of greatly reduced fluctuations are observed in 2T-40 when
operated as an RFP. Two types of "quiet periods" have been observed.
The
first type, Fig. 6, typically seen with self reversal, shows a significant
drop in density fluctuations (as observed by the multichannel interferometer)
but minimal changes in poloidal and toroidal field and voltage fluctuations.
The second type, seen with aided reversal and low voltage power crowbar,
Fig. 7, has a drop in voltage and dl,/dt fluctuations, a decrease in the
decay rate of current but a smaller reduction in density fluctuations.
Both
quiet periods of ~ 0.1 ms duration occur only when the toroidal electric and
magnetic fields are reversed at the wall and terminate when the reversed
toroidal magnetic field decays to zero. These periods of low fluctuations
are of particular interest because they should be associated with lower
transport losses. The relationship of these phenomena with the quiet periods
observed on ZETA [6] and ETA BETA II [7] needs clarification.
4.3. Temperature and Spectroscopic
Measurements
SHOT 1759
lOmtorr 4/23/80 1522
Thomson-scattering measurements of
electron temperature on axis at peak
toroidal current, as a function of
fill pressure, for an NRFP are shown
in
Fig. 8.
A
peak temperature,
~ 60 eV, occurs at the same
fill
pressure (5 mtorr) as in ETA BETA II.
The fact that the temperature remains
relatively high, above ~ 20 eV, at
high fill pressures indicates a low
impurity level.
The temperatures at peak current
for
self-reversed
operation
vary
200
300
between 35 eV at 20 mtorr and 50 eV at
TIME (fis)
5 mtorr, and with aided reversal the
temperature increases from ~ 40 to
~ 65 eV with increasing peak 0. These
FIG.9. Toroidal current (kA), C V
temperatures are well above the OVI
(227.1 nm), and O VI (103.2 nm) line
"radiation barrier" at - 25 eV which
has limited the electron temperature
radiation versus time (lis).
in smaller RFP experiments [1].
A burnthrough of the oxygen radiation barrier is supported by the
observation that the 103.2 nm OVI line peaks and then drops to a low value as
ohmic heating proceeds (Fig. 9 ) . A second smaller peak is observed as the
current decays and the plasma cools. Also shown in Fig. 9 is a simultaneous
measurement of the 227.1 nm CV line. The high excitation potential (305 eV)
of this carbon line indicates temperatures above the oxygen radiation
barrier. Comparisons of the observed burnthrough with model calculations
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using a zero - dimensional code [8] indicate temperatures ranging from 50 to
100 eV for peak currents of 500 kA [9].
5.

PROPERTIES OF FLUCTUATIONS
Polarization of magnetic field fluctuations, observed with magnetic
pickup loops ^outside the nonconducting vacuum chamber, show that the
component of 6B fluctuations normal to the mean field is larger than the
parallel component. This suggests that the_^fluctuations result from dominant
helical m = 1 modes arising from singular (k • B = 0) surfaces in the outer
region of the discharge [10].
The spatial location of density fluctuations using a seven - chord
interferometer has also been determined. The chord-averaged electron density
measured simultaneously along each path is differentiated in time to give the
n e averaged along each chord. The spatial distribution of the fluctuations
is obtained from the shot- averaged root-mean-square of n e over a 100-us
period centered around peak current.
These data indicate
that
the
fluctuations are peaked toward the outside of the discharge.
6.

CONCLUSIONS
Comparisons have been made on ZT-40 for nonreversed and reversed-field
configurations with discharge currents up to 500 kA. Self-reversal operation
is readily obtained and quiet periods have been observed with both self and
aided reversal but not with nonreversed-field operation.
Significantly
improved behavior with reversed field at low densities has been demonstrated
by increased decay times and with temperatures above the oxygen radiation
barrier.
Two types of quiet periods, duration ~ 0.1 ms, are observed when
reversed magnetic and electric fields are present at the wall. These periods
have similarities to the quiet periods of ZETA and ETA BETA II. With passive
crowbars the current decay rates are limited by the external circuit.
Longduration discharges (> 1 ms) are expected when a newly installed crowbar
becomes fully operational.
7. RFP THEORY
7.1. Analytic Ohmic Heating Model
An analytic profile model has been constructed to check transport-heating
codes and furnish guidance. The simplifying features are: for low beta, the
ohmic heating is rapid compared to the resistive evolution of the profiles;
the equipartition time is short compared to the heating time; and an
anomalous thermal conduction tends to maintain a flat temperature profile.
In addition, parallel resistivity is assumed to be classical and impurities
are neglected.
For density and toroidal field profiles representative of the RFP
configuration, the poloidal field is obtained from pressure balance, current
density from Ampere's law, and ohmic heating rate from /^ ni|Ji|2 2nrdr = D ..B^,
where Dj = Vi" 1 ^ [m2/s] and B is the value of B z at r = 0. Equating this to
the net loss rate (bremsstrahlung + 3NT/xE - heating from alpha particles)
results
in
a
modified
Pease
relation,
8 1
=
2 x 10 6 ampères/
(1 + Tjj/ig - Tjj/Ta)1/2> where: T^ is a characteristic time for cooling by
radiation, t£ is a cooling time by thermal conduction, and x is a heating
time associated with alpha deposition. The reversal in B (r) precludes the
assumption of a resistive steady state, and rii need not be classical in this
derivation provided 3n, « T1J« Profile effects could alter the numbers by
*» 50% in the Pease relation.
This
relation
can
be
expressed
as
I/N
[A-m] = 3.1 x 1 0 ~ 1 5
T[keV] (1 + T b/TE"" T b/ T a^^ 2 ' derived independently by the
Padua
group
[11]. The right-hand side generally has a single maximum as a function of T.
The ignition condition consists of setting I/N equal to this maximum value,
for example 6 x 10-11* ampère-meters for x^/xE = 10. The codes have checked
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this ignition criterion.
Unignited
thermonuclear states are also
of
interest.
The above relation predicts such a state, in a modest device for
T b / T E = 100, at T = 8keV, 3 = 10%, I - 2 MA, n - 1 0 2 0 m ~ 3 , with a = 0.25
m.
This current retains 8 0 % of the alpha particles [12].
The temperature rise to an unignited state is amenable to a normalized
universal description, practically
independent of initial conditions and
anomalous
loss rates
(xE).
The time needed
to reach this state is
approximately 0.1 g f a 2 /D| )f , where g Q is local beta at r = 0 and
"f" means
the state with dT/dt = 0. No matter how small g Q £ , it is essential to take
field depletion into account.
Without it, power balance is approached
asymptotically
but, with it, it is achieved at a finite time. Two coupled
ordinary differential equations can be employed to represent this process.
7.2.
Analytic Ideal MHD RFP Formation
An RFP discharge is usually initiated such that a diffuse profile results
from current diffusion across the field. The associated loss of field energy
(30%) may be avoided by raising the toroidal field and current together on a
time scale long compared
to the Alfvén time (so that equilibrium is
maintained) but short compared to the field diffusion time (so that a small
beta results at the end of the formation). This is an adiabatic formation
scenario.
It can be made quantitative by examining
the ideal MHD equations
in
cylindrical symmetry with inertia neglected. The velocity is then determined
implicitly by pressure balance and is driven by applied voltages at the wall.
These equations are first-order hyperbolic with characteristics defined by
<j>
If t and r are replaced by
<j> = /aBe(r,t)dr/<|>Q
D(r)=/QBQ(r)dr = const.
'p*-'-JO
reference
flux
and
a
the
wall
radius) and
is
(where
x = /£Bg(r,t)dr// a Bg(r,t)dr respectively, and the dependent
variables from
3/2
and
Bz,
n,
Te'
and
1±i to P E <t>rB
N = <frm/B\JÇ-c
r/Bv
e,
e,
0,
e = <|>Te
(
"
£'z/BD'
•c
E,± = (J)^ 3 ' 2 r/Bg respectively. Then the equations for P, N , Ç e and Ç i on a
fixed
domain 0 < x < 1 decouple from pressure balance and can be solved
analytically. These quantities divided by (J> propagate unperturbed along
the
characteristics x<}> = const.
The final state is unfolded analytically along
the characteristics to obtain all previous states. This process
determines
the time-dependent voltages and density applied at the wall.
Certain important features of an adiabatic startup at low beta should be
noted. First, the sign of the Poynting vector at a depends only on the sign
of E z (a,t) if
the total toroidal current is positive; second, toroidal
current density and toroidal magnetic field reverse direction at the wall
when Eg(a,t) reverses. Thus, to avoid reversal of the Poynting flux,E z (a,t)
must never reverse sign, but j z (a) will change sign when Eg(a,t)
changes
sign.
This start-up
scenario is being generalized to include transport,
bremsstrahlung, and especially impurities.
i
-r
~r
••
i
1
1
1
1
1
7.3.
Ideal MHD Stable Evolution and Burn
Following
the
idea
of
adiabatic
formation, an ideal MHD stable scenario
-§2_
for formation, heating and burn has been
found via a pitch convection procedure
¿^
V
that
includes
particle
and
energy
transport and bremsstrahlung losses, and
in which
there is assumed
to
be
a
negligible vacuum space between the plasma
edge and the highly
conducting
outer
AB,
shell.
This scenario entails
special
programming
of the fields and
plasma
source (S w ) at the wall (Fig. 10) in which
the final plasma density is ~ 2 x 1 0 2 0 m - 3
t (xicr4 s)

X.

_ . .

and the toroidal current is - 22 MA in a
minor radius of 1.5 m.

1

1

1

1

I

,

,

FIG.10. Wall programs for fields and
density for stable scenario.

1
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7.4»

Particle and Fluid Simulations of m = 0 Resistive g-Modes
The linear stability of cylindrical RFP configurations to ideal and
resistive modes is known. Recently analytic equilibria have been found that
are stable to tearing modes at zero beta and are Suydam stable for beta less
than 18%, but are unstable to slow resistive interchanges. If these are
dangerously nonlinear, they may limit the attainable values of beta.
Their
nonlinear evolution is studied with a resistive, 2-D MHD code [13]. When
m = 1, a rather benign nonlinear behavior is found with the island remaining
localized near the singular surface. When the m = 0 mode evolves near the
marginal Suydam point, a final state results with highly distorted flux
surface (see Fig. 11a), raising the question whether this mode allows ohmic
heating.
When beta is lowered, the island saturates quickly and remains
localized.
It thus appears crucial to form the initial plasma with low beta
in order to allow heating.
Recently, a 2 1/2-D hybrid (Vlasov ions, neutralizing massless electron
fluid) code [14] was used to simulate these modes. For the same equilibria
qualitatively similar nonlinear behavior is found (Fig. lib) with comparable
growth rates—lending confidence to the result because the simulation methods
are totally dissimilar. Further work on particle effects is in progress.

FIG.ll.

Nonlinear m = 0 states.

7.5. Helical Ohmic States for RFPs
The formation and persistence of a field-reversed state are the subjects
of numerical and analytic investigation. Using an initial-value nonlinear
helical 2-D resistive MHD code, ohmic states possessing field reversal exist
and can be attained dynamically and spontaneously invoking only one mode of
single helicity.
They correspond
to
saturated
states
of
helical
instabilities and may or may not possess islands depending on initial
conditions. Their flux surface geometry is simple (Fig. 12) and is stable
for long times.
To reach a final field-reversed state, the initial state
must be paramagnetic.
Analytically, helically symmetric stationary solutions are sought to the
resistive incompressible MHD equations retaining nonlinear flow effects
(v • Vv * 0 ) . A completely nonlinear treatment of the resonant layer is
necessary while a quasilinear approach suffices for the rest of the plasma.
Asymptotic matching will yield the properties of the final helical ohmic
state.
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FIG. 12. (a) Time dependence of average toroidal field at the wall where T\\ is a hydromagnetic
time scale, (b) Flux contours in the final reversed state.

7.6. Resistive MHD Linear Stability Results
A procedure has been developed that rapidly solves the linear resistive
incompressible MHD equations.
The technique allows arbitrary values of
resistivity so that resistive modes can be followed in parameter space either
to their ideal (n = 0) counterparts or until they become stable. For purely
growing modes, an ideal internal kink eigenfunction seems not to change
significantly for finite n.
The growth rate actually increases due to
inhibition of shear stabilization.
As axial wavelength is decreased, the
ideal internal kink is stabilized while the resistive kink eigenfunction
changes continuously to that of the tearing mode. This transition occurs at
the smaller of the two ideal MHD marginal wavelengths. Finite g introduces a
double-valued region in growth rate vs wavelength graphs corresponding to
fast and slow resistive interchanges. These pressure-driven modes occur at
still shorter axial wavelengths, and change smoothly from one to the other
and also to the resistive tearing mode at longer wavelengths.
7.7. Viscoresistive g-Modes and Ballooning
Localized resistive g-modes may play an important role in transport in
the RFP as they are not shear stabilized. Resistive modes of the type of
Roberts and Taylor have been studied in the presence of classical viscosity.
The resistive interchange and ballooning modes were derived from one model,
namely, plane geometry with magnetic curvature simulated by gravity modulated
along field lines. The results show: a) stabilization of high perpendicular
wavenumber k^ at high plasma density even without shear; b) the existence of
a cutoff k ± for g-modes, roughly for k ± - (l/2Mi)3/"t(g/s) 1 / 2 S _ 1 / l t , where g,
§, MJL are measures of the curvature-pressure gradient driving term, of
magnetic shear, and of perpendicular viscosity respectively, and S is the
Lundquist number.
For example, in ZT-40, assuming classical transport
coefficients with n ~ 5 x lO11* cm" 3 , T e = T± = 100 eV, in the region near the
axis k j _ c u t o f f ~ 2 5 when s ~ 2 and in the field-reversal region k¿ c u t o ff ~ 75
and 40 for shear values § ~ 3 and 10. (Here k, is normalized by the pressure
gradient length.) Such cutoffs can be important in formulating a transport
theory based on g-mode activity.
7.8. Auxiliary Heating
Magnetoacoustic heating for profile control is being explored with two
diffuse-profile models: a) the guiding - center model and b) a finite-ion
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gyroradius, finite-ion gyrofrequency expansion of the Vlasov-fluid model. As
in previous work, the frequency-dependent impedance of an excitation coil is
computed.
The radial profile of
time-averaged
work
done
by
the
electromagnetic
field
upon
the
plasma
is computed, providing the
equivalent-volume heat-source profile.
The guiding-center description predicts wave absorption via transit-time
damping.
In the second model, ion cyclotron damping also contributes to
absorption, and to coil resistance. Previous guiding-center work has shown
that the associated heat source reflects the spatial structure of the mode,
and is not localized, but the finite gyroradius model includes
the
possibility that the associated heat source contains a local contribution,
which would be more advantageous for profile control.
Results are being
obtained with existing codes.
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Abstract
EXPERIMENTAL AND COMPUTATIONAL STUDIES OF REVERSED-FIELD PINCH IN
JAPAN.
Recent results of experimental and computational studies of reversed-field pinch (RFP)
in Japan are described. The TPE-IR(M) experiment (stainless-steel liner; R/a = 50/10 cm;
Ip = 7 0 - 1 3 0 kA rising in 450 fJis) at the Electrotechnical Laboratory, Sakura, in which RFP
configuration is set up by programming control of external coil currents (aided reversal), shows
that, with careful wall conditioning of the liner, an improved confinement phase is obtained
from just after setting up the RFP to the end of the plasma current pulse with a rapid
termination (at 7 0 0 - 8 0 0 /zs from the start of pulse). Particularly in the current decay phase,
the fluctuation level of the plasma current derivative is reduced remarkably, and this phase is
similar in many aspects to the 'quiescent period' observed in ZETA and ETA-BETA II. The
electron temperature estimated from the loop voltage rises to about 70—90 eV before plasma
current disruption. In STP-1 (quartz torus; R/a = 12/4.2 cm; I p ~ 60 kA, rise in 5 - 6 jus) at
Nagoya University, the RFP configuration is set up by using a new (fast) mode. However, the
plasma column collapses from an instability after a stable phase of about 13 /is. 1-D ideal-MHD
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stability analysis is applied to explain the observed behaviour of the plasma. 2-D and 3-D codes
have been developed at Nihon University to investigate the plasma properties of the TPE-1R
experiment and the non-linear resistive kink modes in RFP configurations, respectively.
Calculations are compared with experiment.

This paper summarizes experimental reversed-field pinch (RFP) studies
carried out at the Electrotechnical Laboratory and the Institute of Plasma Physics
of Nagoya University together with the computational RFP studies at Nihon
University.

1.

ETLTPE-IR(M)

(T. Shimada, Y. Himno, Y. Maejima, K. Ogawa)
The previous work [1] onTPE-lR [2] (quartz torus; R/a= 50/10 cm;
Ip = 150 kA rising in 8 jus) showed that, without careful wall conditioning of the
quartz torus, the electron temperature cannot rise so high (<20 eV) even if RFP
on TPE-1R is gross-stable (~ 100 /is; I p ~ 150 kA) and then after good wall
conditioning (Tayler discharge cleaning and titanium gettering to the quartz
wall) an obvious reduction of impurities (O and C) during discharge is observed,
the plasma current duration increases from 100 to 150 ¡JLS, and the plasma
resistance decreases remarkably. This suggests that we may expect to overcome
the low-Z impurity radiation barrier and achieve higher electron temperature
(100 eV) with good wall conditioning.
TPE-1 R has therefore been modified to TPE-IR(M), using a toroidal
stainless-steel liner (R/a = 50 cm/10 cm; YUS 170; 86 /ufi'cm; thickness 0.4 mm
(bellows section) and 0.8 mm (straight section)). The electrical resistances in the
toroidal and poloidal directions are 20 m£2 and 0.22 m£2.
TPE-1 R(M) is a device for the study of RFP with slow discharges (I p ~ 150 kA,
rise in 450 ¡is) in which an RFP configuration is set up by the control of external
coil currents (B t reversal in 250 /us; aided reversal). These characteristics are
similar to ETA-BETA II. The experiments were made in hydrogen and deuterium
with a filling pressure 2—10 mtorr (basic pressure ~ 1.5 X 10"8 torr).
Figure 1 shows the waveforms of the stabilized pinch mode and the aided
reversal mode on TPE-1 R(M). After careful wall conditioning of the liner, an
improved confinement phase is observed from just after the setting up of RFP
to the end of the plasma current pulse with a rapid termination (at 0.7—0.8 ms).
Particularly in the current decay phase, the fluctuation levels of both the current
derivative and loop voltage are reduced drastically, 5I p /I p ~ 0.1%, a phase
similar in many aspects to the 'quiescent period' observed in ZETA [3] and
ETA-BETA II [4]. However, in TPE-1 R(M), even in the current-rise phase, the
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fluctuation level is very low if RFP is set up, compared to other slow discharges.
Figure 2 also shows very small field fluctuations. This is an oscillogram of the
local poloidal (B p ) and toroidal (B t ) field just inside the liner. In Fig. 1, RFP-1
is the optimized case and RFP-2 is the non-optimized case of discharge parameters,
I p , bias field (B 0t ), reversal of B t at the wall and filling pressure P 0 . Figure 3 is a
typical F-0 diagram of the 'aided-reversal' mode in TPE-IR(M). Figure 4 shows
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Time variation of impurity line radiations (O and C).

that the time-resolved spectra of C III, C IV, C V and O VI lines, and the lowerlevel oxygen lines are burnt out until current disruption. This suggests that the
electron temperature remains high (50—100 eV) for several hundreds of microseconds. The electron temperature is estimated by loop voltage (see Fig. 5), rising
to 70—90 eV before plasma current disruption. Figure 5 shows the time variations
of plasma current, toroidal flux, toroidal field at the wall, and electron conductivity
temperature in typical discharge conditions. The electron temperature begins to
rise at the start of the quiescent period (QP). Figure 6 shows that the fluctuation
level of the poloidal field (ÔB p /B p ) and the electron conductivity temperature
(T e a ) at ~550 /MS (QP) depend on the discharge parameters. This figure clearly
shows several kinds of processes of energy balance in the confinement phase.
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Conclusions: TPE-IR(M) has just been set up for experiment. The first
experiment has shown that: (a) the first radiation barrier of low-Z elements
(O and C) could be overcome; (b) an improved confinement of RFP (~0.7 ms)
and a typical 'quiescent period' as observed in ZETA and ETA-BETA II, were
obtained by the 'aided-reversal' mode; and (c) the electron temperature reached
70—90 eV before current disruption. However, rapid disruption of plasma
current occurred at 0.7—0.8 ms. There are several explanations for current
disruption; e.g. instability caused by increased |3 p , loss of equilibrium by imbalance
of forces, and the direct effect of a rapid decay of the external circuit current
(~0.5 ms). The problem of current disruption remains to be clarified.
TPE-IR(M) is now scheduled as follows:
(1) Titanium gettering to the inner surface of the liner in order to suppress
the outflux of impurities (O and C) from the wall for a much better confinement
of RFP;
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(2) By adding some condenser banks and rearranging the circuit, the
current pulse will be extended to obtain an appropriate plasma current waveform
for a QP;
(3) After steps (1) and (2), the physics in the setting-up phase of RFP, the
confinement phase (QP) and the current disruption phase is to be investigated
by means of several diagnostic techniques.
2.

STP-1

(Y. Kita, K. Himno)
In a small compact-torus^STP-l, reversed-field configuration is set up by
means of a new mode [2,5]. However, the plasma column is deformed by an
instability after a stable discharge time of about 13 seconds. This instability
coincides with a sudden electron line-density dip observed by a He-Ne laser
interferometer with the light path along the vertical direction. To study the
instability further, a slightly larger reversed field is applied, since this triggers
much unstable plasma motion which may facilitate observation of the structure
details of the instability. Typical waveforms of enhanced reversed-field operation
are shown in Fig. 7. For the observed profiles of B t , B p and pressure, a 1-D idealMHD stability analysis [6] is applied, where, in order to treat the toroidal effect

FIG. 7. Typical waveforms of plasma current, Ip, toroidal field at the wall, Be, and toroidal
magnetic flux, <î>t, for filling gas of 3.5 X 10~2 ton.

point

conducting shell —'

FIG.8. Observed BT profile at 19, 20, 21 and 22 ¡xs. The solid line is the Bt profile calculated
from field and pressure profiles at 19 pis for the m- 1 and k = -2.8 mode.
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simply, we assume that each magnetic surface is concentrated on the axis of the
cylinder. The most unstable mode is found to be m = 1 and k = - 2 . 8 . The
dashed curve in Fig. 8 shows the observed Br signal distribution at 19, 20, 21,
22 seconds after the start of discharge. The solid line shows the calculated Br
profile at 21 seconds. The B r profile is approximately similar to the observed
one in that both profiles are peaked at the centre. However, the calculated
growth rate is larger by a factor of 2—4 than the one attained from the time
evolution of B r , which may suggest that the instability is the m = 1 mode
affected by resistive and viscosity effects [7].

3.

COMPUTATIONAL STUDY OF RFP, 2-D AND 3-D CODES

(I. Kawakami, S. Ido and H. Matsuda)
The computation model is described by a set of non-linear MHD equations.
The plasma is a single fluid. The electric field, E, is given by the simple Ohm law,
E + v X B = j . The numerical method used is described in Ref. [8] ; it is a modified
version of ICED ALE [9]. The plasma is cylindrical in form.
In 2D simulation, the plasma initially has constant density and temperature,
confined by a toroidal magnetic field. We assume the boundary condition shown
in Fig. 9. Density and temperature are fixed at the wall. The plasma at the wall
is at rest throughout the computation. The loss term, -p(r/a)2/?"L, is also included
[10], where T L ^ 1 JUS.

100
'P
(kA)

.

0.0
B
wall •0.24

50

(T)
0.0

FIG. 9.

Hjts)
•t{/is)

-0.02

Boundary condition for 2D simulation.

For 3D simulation, we start computation from the Bessel-function model,
on which are imposed some perturbations of m = 1 and n > 0 modes.
The purpose of the simulation is mainly to investigate the plasma properties
of the ETL-TPE-1R experiment [2]. Since we are concerned with the fast
programming of the external field, the characteristic velocity is the Alfvén
velocity.
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We first consider the case where 77 is classical [11] (results are shown in
Fig. 10). The fields are flat around the axis, so that the currents are peaked near
the wall. This shows that the diffusion is poor in this case, suggesting that 77
must be anomalous. The F-0 diagram is shown in Fig. 11. Simulation points go
down along the Bessel-function model line. After field reversal, the ¥-6 values
stay near 0 — 1.2
The result of computation with pure classical resistivity showed that the
plasma must be more resistive. We examined the resistivity, which is isotropic
and anomalous [12]. The profiles of magnetic fields are also shown in Fig. 10.
Diffusion of the magnetic fields is observed. However, the F-0 diagram shows
the failure in setting up an equilibrium of the reversed-field configuration for
this case.
These computation results show that the resistivity is anomalous at the
setting-up phase of the RFP configuration. However, the anomalous resistivity
failed to sustain reversed-field configuration. We conclude, therefore, that the
resistivity is not scalar, but tensor; 1711 is classical and 77^ is anomalous. In the
setting-up phase the current has a large component perpendicular to the magnetic
field and 77^ has a large effect, while, in the reversed-field phase, the current is
almost parallel to the magnetic field and 17^ has little effect. This can be confirmed,
as shown in Figs 10—12. The value of 6 remains at 1 < d < 2 for a long time and
the profiles are reasonably like the Bessel function model.
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FIG. 12. Profiles of pressure, toroidal and poloidal fields, and toroidal and poloidal
at (a) 5 ps and (b) 15 ¡JS.

currents

In the 3D simulation, a periodic boundary condition along the axis is
assumed. The pressure is initially assumed to be sinusoidal, p = p 0 cos (AT/2a).
Upon this quasi-equilibrium, we impose a small perturbation of the (m,n) mode.
The resistivity is constant throughout the computation and over the entire plasma
region. The parameters thus given correspond to s ~ 5 X 103 and q ~ 0.154
to-0.042.
lp = 100kA
pa = 2.6
m=1.n=10

t(x1A5xlO s )
t ( x U 5 x l 0 s)

FIG. 13.

Kinetic energy versus plasma time, with m= 1, n = 1 and n= 10.

The evolution of the kinetic energy is shown in Fig. 13. The vortices are
formed corresponding to the (m,n) values. For m = 1 and n <i 5, we could not
observe the growth of kinetic energy, and this shows non-linear stability. For
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high-n modes, n <: 10, the plasma is initially stable, showing a decrease of the
kinetic energy, although it suddenly shows rapid growth of the kinetic energy.
For intermediate values of n, we have not yet investigated the complicated
behaviour of perturbations.
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DISCUSSION
ON PAPERS L-2-1 AND L-2-2
A. GIBSON: In Fig. 8 of paper CN-38/L-2-1,1 noticed a pronounced second
quiescent period about 100 /xs after the end of the first. Does this imply that
the reverse field configuration is first destroyed and then re-established? And
if so, how does this happen?
J.N. Di MARCO: For the discharge shown in Fig. 8, the second reduction
in the density fluctuations does not occur during a period of reversed toroidal
magnetic field. It is not accompanied by a reduction in the plasma current
fluctuations and the decay rate of the plasma current does not get any better.
We take this to indicate an improved plasma confinement, which only occurs
during a period of reversed toroidal magnetic field.
F.L. RIBE: The quiescent phase in Zeta, as well as in these more recent
experiments, is characterized for the most part by a negative toroidal electric
field. To my knowledge this has not been explained theoretically. Could you
comment?
J.N. Di MARCO: Until the results of the TPE-IR(M) experiment, the
quiescent period has only been observed after a reversed toroidal electric field
develops at the wall of the discharge tube. The implication of these new results
requires further study. One possible explanation for the need for a reversed
electric field is based on the plasma equilibrium requirement. During the plasma
current start-up the fluctuation level is high, implying that radial transport is
relatively large. Measurements in ZT-40 indicate that the density profile is fairly
flat during this time. This would mean that a plasma pressure gradient exists
near the wall. This conclusion is supported by measurements of the radial
distribution of the density fluctuations, which show a peak near the wall. Under
these conditions, when the toroidal magnetic field reverses near the wall it is
necessary for the toroidal current to reverse in order to maintain plasma
equilibrium there. It's just a case of J X B balancing the pressure gradient.
J.A. WESSON: I should like to suggest an explanation for the observed
quiescence. When the applied electric field is reversed, the plasma current in
the outer part of the plasma will also be reversed. From the cylindrical form of
the energy principle it can be seen that SW is then positive in this region for all
possible perturbations. This will exert a stabilizing effect on the plasma which
could produce the observed quiescence.
J.N. Di MARCO: That is certainly a possible explanation.
J.W.M. PAUL: You have described reversed-field pinch experiments with
a range of parameters but you have not mentioned energy or particle containment times. Are there measurements of these parameters and if so do they give
any information on scaling laws?
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J.N. Di MARCO: At the present time only energy confinement time
estimates have been made and there is insufficient information to formulate
scaling laws. The current must be held relatively constant for a few energy
containment times at least to allow this measurement to be made. Also a wide
range of experimental parameters is required before scaling laws can be formulated.
The new generation of reversed-field pinch experiments with extended current
time scales will help to answer these questions.
W. BOSTICK: It appears to be a universal tendency for plasmas carrying
currents to arrange their configurations so that everywhere the current is flowing
parallel (or anti-parallel) to the local magnetic field and is therefore force-free.
This is observed in the vortex filaments in the current sheath of the plasma focus
and in the filaments in relativistic electron beams passing through a low-pressure
gas (where the filaments are observed to be as small as 0.5 jum in diameter).
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Abstract
PLASMA BEHAVIOUR IN LARGE REVERSED-FIELD PINCHES AND REACTORS.
Recent analytic and numerical results on large reversed-field-pinch (RFP) systems and
RFP reactors are presented. Predictions are made of the plasma behaviour in Eta Beta II,
HBTXIA (under construction) and RFX (planned). The setting-up phase of an RFP is
studied by using turbulence theory in transport equilibrium calculations, and estimates are
made of the volt-seconds consumption for four different modes of field control. A prescription
is given for a dynamo producing self-reversal which yields finite-|3 configurations. Residual
instabilities of these equilibria may be resistive pressure-driven g-modes, and a new study of
these modes that includes parallel viscosity indicates stability for /? ~ 10%. The sustainment
phase of the RFP is examined with tokamak scaling laws assumed for the energy confinement
time. Temperatures in excess of 1 keV are predicted for currents of 2 MA in RFX. An
operating cycle for a pulsed RFP reactor including gas puffing to reach ignition is proposed
following a study of the energy replacement time for an Ohmically heated plasma. The
scaling of the reactor parameters with minor radius is also investigated.

1.

INTRODUCTION

This paper presents the results from a series of analytic and numerical studies
of large reversed-field pinches (RFP) and RFP reactors. The final studies of the
fast programmed HBTXI device were reported at Innsbruck [1 ]. The RFP research
at Culham is now directed towards systems with long current rise-times in which
the RFP configuration is established by self-reversal [2] and field control. A new
device, HBTXIA, under construction at Culham, is expected to give results in 1981.
The purpose of the studies reported here is to predict the plasma behaviour in
slow machines such as this and Eta Beta II [3] and the proposed large RFX machine
at Culham, designed in collaboration with Padua and Los Alamos. The reactor
studies are based on the Culham-Padua design [4] and also on recent work at
Culham.

* Oxford Polytechnic.
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In Section 2, the setting-up phase is considered, and scaling of the plasma
parameters derived from a turbulent model is given. The flux consumption for
RFX is calculated for various forms of field control. A third calculation is based
on a one-dimensional equilibrium transport code [9] which includes an internal
dynamo to drive the self-reversal [5].
In Section 3, the sustainment phase is examined, and the effects of impurities
are included in predicting the performance of RFX. It is assumed that plasma
confinement is not impaired by resistive instabilities, and new results from the
studies of the g-mode are given in Section 4.
The reactor studies in Section 5 start from a simple power balance equation.
The energy replacement time is represented by a density-temperature-dependent
surface with a saddle point which suggests an optimum sequence for Ohmic heating
and ignition. It is found from 0-D and 1-D calculations that the reactor power
output can meet the design value of Ref.[4] but with excessive peak wall loading.
A reactor with smaller minor radius is also considered related to more recent
work [4a].

2.

SETTING-UP OF THE RFP

During the current rise of an RFP the plasma is turbulent and theories of
fluctuation-induced losses are, therefore, used to estimate the plasma energy
confinement. We use for the containment time [6]:
where—oc s~l/2

(1)

(p is the mass density, Aj_ is the the transverse field correlation length) and equate
T E to the Ohmic-heating time. This leads to a scaling of the plasma parameters T,
N, ¡5Q, S and rg with I¿,, a, £ (drift parameter) and ZR (resistance anomaly factor)
given in Table I. These show that to reach the same values of S (magnetic Reynolds
number) in Eta Beta II and HBTXIA as in Zeta (0.42 MA) [7], currents of
0.59 MA and 0.49 MA, respectively, are required for the same £ and Zeff values.
Following Taylor's theory [2], the magnetic field is assumed to evolve through
a series of relaxed states. The toroidal flux <j> and magnetic energy Wm can be
calculated from the currents I and voltages V:
dé

dWm

f

^ = -V 0 — ^ I ^ - V ^ - T ^ d v

(2)

IAEA-CN-38/L-3

315

TABLE I. TURBULENCE SCALING EXPONENTS
a

\
T
N

e

?

o

ZR(Z)

6/11

-4/11

6/11

4/11

8/11

2/11

-14/11

-2/11
2/11

h

-8/11

-2/11

-8/11

S

16/11

4/11

16/11

-4/11

1/11

14/11

1/11

13/11

T

E

If 1^, B^ (a) and /J 2 dv are given as functions of 0 and Wm, Eq.(2) determines the
10 and I# waveforms. We have chosen a field configuration which is identical
with the BFM [2] for a/r < 0.7 and with a reduced current density for a/r > 0.7.
The following plasma resistivity:

ï?(t) = V2 + (Vi

-Vi)

1 + exp

(t-t«)M-»

(3)

is chosen, with ??i, 7?2, t s and t w being constants.
Four modes of forming the RFP have been investigated. First the Eta Beta
'aided self-reversal' mode [3] is studied, together with the assumed field configuration,
to demonstrate that the choice (3) results in waveforms l0(t), B¿,(a,t) close to
those observed experimentally as shown in Fig. 1. Secondly, the Zeta mode using
self-reversal accompanied by turbulent energy wall losses is calculated. In this
mode, the liner-to-shell spacing can be increased, causing the poloidal flux consumption to increase. The constant 6 (6 is the pinch parameter) mode begins with
a seed plasma at low L¿ to give the required d. As 1^ is increased this mode
requires strong self-reversal to generate additional positive flux in the core of the
plasma as unwanted negative flux is removed at the outside. In the pitch convection
mode [8], it is assumed that the required final pitch profile is generated by
simultaneously raising fy and IQ , allowing for adiabatic convection of the pitch
towards the centre; this mode should minimize the self-reversal activity.
The results from calculations on the last three modes are summarized in
Table II. RFX parameters (R/a = 1.8/0.6 cm and target I «* 2 MA) are assumed.
It can be seen that the pitch convection mode has the lowest volt-second factor
t
a
(i.e./V 0 dt/(27rR/B0dr)).
0

0
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0.1
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/
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Time (ms)

'0
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FIG.1. Computed Eta Beta waveforms with experimental results shown by XX.

TABLE II. COMPARISON OF SETTING-UP MODES

Zeta Mode

Constant 6

Pitch
Convection

Current risetime (ms)

5.5

6.1

5.2

Peak current (MA)

2.23

2.17

2.42

6/F at peak current

1 .83/-0.66 1.82/-0.64

1.87/-0.73

Volt-second factor

1.14

1.61

0.86

W(IQ) capacitive (MJ)

0

4.8

3.8

V(IQ) charging (V)
(one turn)

0

80.0

800.0

W(I.) and V(I.)

1<i.4MJ at 3000V
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FIG.2. F-0 curve calculated with (X) and without (o) dynamo.

Equations (2) and (3) form the basis of a 0-D model for the setting-up phase,
and the choice (3) represents the spatially averaged plasma resistivity. Information
on field profiles is obtained by incorporating the 1-D plasma transport equilibrium
model [9] coupled to the Içi and IQ circuits. To achieve self-reversal, it is then
necessary to include a dynamo. One method prescribes a dynamo electromotive
—>

field [5], together with a turbulent resistive field. The electric field E resulting
from time-space averages is radially dependent [5] and of the form:
E = -a(r) B(r) + T?T(r) í(r)

(4)

The properties of prescription (4) depend on the physics determining a and r)j.
If at low 0 the dynamo in Eq.(4) has to satisfy the conditions for the approach
to the Taylor state [10] then we assume that /¿(r) tends to become uniform and
a satisfactory choice of a is found to be:
a = — i + f(M~M)
Mo

(5)

where f is any positive weighting function and J|| = juB; the average /Z is
JjuB2fdv//B2fdv.
The F-0 curve obtained from calculations on RFX with the code [9] is close
to the BFM curve but the self-reversal occurs at finite j3 (Fig.2). The equilibria
found in the calculations are capable of containing high j3: in the central regions
they resemble pressure-inflated BFM profiles and on the outside J -*- 0 in
accordance with experimental observations.
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SUSTAINMENT PHASE

The sustainment phase is considered to start at a field fluctuation level which
is reduced from that seen during the setting-up phase. This observation made
on Zeta [7] has now been seen on Eta Beta II [3] and on ZT-40 [11] for shorter
periods. One means of predicting the behaviour of the sustainment phase is to
use turbulent transport from Suydam instabilities [12]. Predictions, for RFX
and other machines,are, however, strongly dependent on how the anomalous transport scales. We base the following studies on the assumption that the sustainment
phase resembles a tokamak and, consequently, use the various empirical scaling
laws such as Alcator [13] and Hugill-Sheffield [ 14] in our codes. Calculations are
made for constant current pulses of duration much longer than the energy confinement time. The line density is varied to keep the drift parameter, £, on axis

TABLE III. RFX Q-D CODE PREDICTIONS AT END OF
SUSTAINMENT PHASE
n

T

n

e

n

o

z

Fe

*rad'
total
%

erf«

(MA)

e
(keV)

0.5

0.38

2.1

3

1.5

1 .8

15

22

1.0

0.55

3.4

6

3.0

2.0

27

14

2.0

1.3

5.7

20

10.0

3.9

35

9

10

io16

1017

m

t

<T>

TV 2 0 M A

ÍI
M

(keV)

-

,' ! <n c >20MA

1

^ " ^ ^

T¡ 2-OMA

S

1 0 MA

_•

\

Ù**"

0 5 MA

'

/

1\jr

1 1 Ir
1 / f

' In

\J¿J

<n e >

(1020m-3)

50

i
100

i
150

t (ms)

FIG.3. r e , Tv ne versus t calculated for RFX.

i
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fixed (here, 3% is assumed). Oxygen and iron are included as impurities, and
their level is reduced in a sequence of code runs until the plasma succeeds in
burning through the radiation barriers. The results of these calculations are
summarized in Table III. Figure 3 shows the temporal variation of the temperatures
and the density; the latter can be increased after the radiation barriers have been
overcome, and thus /% can be raised in a manner similar to that for RFX. The
results for T e and T¡ shown in Fig.3 are confirmed by 1-D calculations with
the code [12].

4.

RESISTIVE g-MODE

In both the RFP and spheromak a dangerous instability is the resistive
g-mode. If the pressure gradient is much smaller than the value given by the
Suydam criterion then the parallel viscosity is found from both numerical and
analytic calculations to reduce the growth rate significantly [15]. Configurations
with j3 ~ 10% can be obtained with the maximum growth rate less than the field
diffusion rate for specific pressure and current profiles. Only a small vacuum
region, ~ 5 % of the plasma radius, gives instability growth times comparable to
the diffusion time.
A 2-D non-linear code has been developed to study the m = 0 resistive interchange mode. Calculations were performed by using a pitch and pressure model
in which the Suydam parameter is uniform in the core and reduces to zero at the
plasma edge permitting a vacuum outer region. Non-linear behaviour begins to
occur as the island width approaches the resistive-layer thickness. Flattening of
the parallel current distribution leads to a partial saturation of the velocity by
a Rutherford-type mechanism [16]. The magnetic-field perturbations (and hence
the islands) continue, however, to grow at approximately the linear rate. This is
because the interchange mode is driven by the interaction of pressure and
curvature, and so the saturation of velocities does not imply a reversion to linear
growth. If the non-linear behaviour is followed for 100 Alfvén times, the linear
perturbation excites a rapidly growing second harmonic. At the x-point, these
two harmonics add and cause the island to be grossly distorted. These and other
calculations [17] show that m = 0 generally failed to saturate. Other considerations
suggest that saturation should occur at reduced j3 when the island width is
comparable with the resistive layer thickness, i.e. 5B/B ~ S - 1 ' 2 , provided the plasma
is tearing-mode-stable. These considerations still lead to ergodic field lines in a
high-shear system with many low-amplitude modes exited at closely spaced
rational surfaces.
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5.

REACTOR STUDIES

The conditions for ignition by Ohmic heating and power balance in a
pulsed RFP reactor [4] have been re-examined by using empirical tokamak losses.
A simplified power balance is:
dW
—=
dt

T

+ O -R - U + S

(6)

where W is the plasma energy density, T the a-heating rate, O the Ohmic heating
rate, U the unknown loss rate, R the radiation loss rate, and S a source of
additional heating. We assume equal ion and electron temperatures, negligible
impurity and synchrotron radiation, Spitzer parallel resistivity, local deposition
of a particle energy, and S = 0. The energy replacement time defined as
T\y = W (T + O — R) _1 is a function of n, T, J and Z eff only and is independent
of the energy confinement time. Contours of r w in the density and temperature
plane are shown in Fig.4 for Z eff = 1 and J = 7 MA-m -2 (corresponding to the
current density on axis in the design [4] ). The surface of r w always has a saddle

FIG.4. Contours of constant energy replacement time r w (in seconds) for Z eff = 1 and
J= 7 MA-m'2.
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Isometric plot of the surface Tw(n, T). Same parameters as in Fig.4.

point in density and temperature space, and the isometric plot in Fig.5 clearly
indicates this. At the saddle point we have T s = 7.4 keV, n s = 0.16 X 1014 J-m - 3 ,
where r ^ s — 2 X 10 7 /J. The value of T s is independent of J and any resistivity
anomaly factor and varies weakly with Z eff . To reach a burn regime from an
initial low temperature, the plasma density and temperature must pass through
the saddle point. In the above conditions the energy confinement time must be
at least 2.8 s to reach the saddle point.
To reach ignition (defined by dr^y/dT = 0 and Tg > r ^ ) in a reasonable time,
we propose an operating cycle as follows:
(a) setting-up the RFP magnetic configuration;
(b) Ohmic heating to T ~ 8 keV at low density, n 0 ;
(c) gas puffing to raise the density to its burn value, nj ;
these are followed by:
(d) burn, which is assumed to be controlled;
(e) rundown and evacuation.
Analytic estimates of the timescale of each phase have been derived. The
duration of burn is determined by the reactor thermal output of 2 GW averaged
over a cycle, r 0 ; this requires n! > 1.5 X 1021 m~3, below which 2 GW(t) cannot
be produced. Operating schemes can be obtained with r^ ~ 10 s, but the time
to ignition is long and the duty cycle (£ = burn time/r 0 ) is a few tens of percent.
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FIG.6.
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Reduced time nt to reach ignition versus starting temperature

Tv

To obtain a reasonable f ~ 90% requires rg ~ 4 0 - 5 0 s in the heating phase, which
is an order of magnitude above the value predicted by empirical tokamak scaling.
One-dimensional equilibrium-transport calculations with the model [12] on
the design [4] confirm this result. These include spatial effects such as a-particle
transport, the distribution of Ohmic heating, impurities and empirical tokamak
losses. Cold D-T gas puffing is also used.
The effect of reducing the minor radius from 1.75 m [4] (with 1^ = 20 MA)
has been examined and the saddle point location scales (assuming profile
similarity) as n s = 3.5 X 1020 a~ 2 m -3 , r ^ = 0.92 a 2 s. With Alcator scaling, n s
is greater than 2.75 X 1020 e m~"3 (here, r E = 0.38 X 10~20 na 2 e, where e is an
enhancement factor). With this scaling the gas puffing stage is not required at
small minor radius and the simple condition a < 1.37y/e is sufficient for reaching
the saddle point at 20 MA.
When the plasma temperature has climbed to the vicinity of the saddle point,
the subsequent rise to ignition is rapid. This is illustrated by the results of O-D
calculations with density and radius varied, and e = 1. Figure 6 shows the reduced
time, nt, required to reach T = 15 keV from a given initial temperature in the
range of 4— 10 keV with various conditions denoted by the scaling parameter
7 = ane 1 ' 2 . Note that the plasma and heating power densities increase as the minor
radius decreases.
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CONCLUSIONS

The analytic and numerical studies of large RFP systems presented in this
paper have been made subject to a number of assumptions based on present
experiments and the possible similarity between large RFPs and tokamaks. Subject
to these assumptions the studies show:
(1) The Eta Beta II waveform can be reproduced by a four-terminal network
calculation of the setting-up phase; the pitch convection mode, though
difficult to implement in practice, is found to consume less volt-seconds
than other setting-up modes investigated.
(2) The internal dynamo used in 1-D calculations can model the self-reversal
process.
(3) In the sustainment phase of RFX calculations predict axial temperatures in
excess of 1 keV for 1^ = 2 MA.
(4) The reactor design [4] requires a confinement time r E several times the value
predicted from tokamak scaling laws in order to achieve a duty cycle !^90%.
(5) Reactor configurations with minor radii smaller than a critical value of
1.37 m can achieve duty cycles >90% with Alcator scaling for the confinement time.
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DISCUSSION
B. COPPI: Resistive g-modes tend to become stable at high temperatures
as a result of the effects of ion-ion collisions. Did your study take this into
account?
J.P. CHRISTIANSEN: Our calculations on the resistive g-mode do include
viscosity. However, in the cases we considered, viscosity effects are not dominant.
S. ORTOLANI: In the simulation of the Eta-Beta II wave form, how
sensitive are the results to the particular form of the electrical resistivity used in
the model?
J.P. CHRISTIANSEN: The resistivity used simulates a decay from an
initially high value. There are two adjustable parameters and these have been
chosen so that the final value of the resistivity is related to the peak temperature
observed in Eta-Beta II.
S. ORTOLANI: In the calculation of the reversed-field pinch performance,
do you assume a density pump-out? And what value of I/N did you use during
the current flat top?
J.P. CHRISTIANSEN: Yes, we do assume a density pump-out. The I/N
value corresponds to a drift parameter of 3%.
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Abstract
STUDIES IN HIGH-BETA TOKAMAKS AND SCREW PINCHES.
Theoretical and experimental aspects of high-]3 tokamaks are presented. The freeboundary equilibrium problem, the stability of ballooning modes in the high-|3 ordering,
and the equilibrium and stability of screw pinches with force-free currents are analysed.
Experimental results in screw-pinch experiments with peak values of j3 of the order of 20%
are discussed, and the design parameters of the Spica II experiment are presented.
A.

INTRODUCTION

From the sharp-boundary model studied in Ref. 1 several new approaches to equilibrium and stability problems of high-3 tokamaks have emerged. The model is extended to the study of free-boundary equilibria in Sec.
B.l, where the outer conducting wall is taken into account self-consistently. The analysis of gross external
modes in a sharp-boundary plasma is complemented with
the analysis of localized ballooning modes in diffuse
high-3 tokamak equilibria in Sec. B.2. In Sec. B.3 we
return to the sharp-boundary model of Ref. 1 to study
its implications for the stability of screw pinches.
In the experimental section general results are described of the screw-pinch experiments SPICA and SP IV.
These results have led to the design of a new experiment,
SPICA II, of which the parameters are given.
B. THEORY OF HIGH-3 TOKAMAKS
B.l. Free-boundary equilibrium
In Ref. 1 the influence of shaping of the current
profile and of the plasma cross-section on the stability
of gross external modes was studied by means of the
* On leave from Universidade Estadual de Campinas, Brasil; partially supported
by FAPESP-Brazil.
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FIG.l. Free-boundary cross-sections of
the plasma surface for a circular and
elliptical (E = 2.0) wall; a = 0.4, A = 0.33,
ae|3p = 0.37 (circle), 0.47 (ellipse).

FIG. 2. The normalized poloidal field î p ( X )
at the plasma and at the wall for the configuration of Fig. 1.

sharp-boundary model of a high-3 tokamak with prescribed
cross-section of the plasma- The corresponding equilibrium problem was ill-posed but led to a well-defined
limit of e$p due to the existence of a separatrix of
the vacuum magnetic field. An approach which is closer
to experimental reality is to determine the plasma cross-section
given the one of the wall. In this free-boundary problem,
which is well-posed but nonlinear, a separatrix does not
occur so that the question about the nature of the equilibrium limit for the poloidal beta is still open.
The following model has been used: p = const, B^ =
B 0 R 0 /R in^the plasma; ç + l/2 B | = lh Bp + l/i% a t t h e Plasma
surface; B p = g ^ x W / R , B^= BoK0/R in the vacuum. Here, R
is the distance from the axis of symmetry and R 0 , B 0 , B 0
refer to the centre of the tube which has a radius b, so
that the inverse aspect ratio is defined as e = b/R Q . In
the high-3 tokamak ordering, where 3 = 2 p / B 2 ~ e < < 1 and
q* = aLB^/Rç^lA ~ 1, the equilibria are determined by the
shape of the wall and two free parameters, viz. the shift
A measuring ae£ p = gq*2/ea and the half-width a of the
plasma (see Fig. 1 ) . The problem, now two-dimensional,
is to find the shape of the plasma-boundary r ~ r ( 9 ) , constrained to cross the two points x = A±a, such that the
vacuum solution of Laplace's equation A\J> = 0, satisfying
the boundary conditions ty = ty0 a t t h e plasma-boundary and
^ = ^•1 at the wall, also gives the proper dependence
-3^/5n = B (6) = c [1 + V2 k 2 (r(6) cos 6 - A - a) /a] * following from the pressure balance at the plasma boundary.
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Here, k 2 = 4 a e $ p < B p / c > 2 = f(A) < 1. On the other hand,
prescribing r-r(6) and dropping the boundary condition
at the wall leads to the fixed boundary problem, further elaborated in Sec. B.3.
For a noncircular wall the problem is first reduced
to that of a circular wall by the application of a numerical conformai mapping to a circle. Next, the plasma
is centred by means of a Môbius transformation. One then
obtains an integral equation for the poloidal field,
where the kernel depends on the unknown r(9). This problem is solved iteratively using fast Fourier transforms
(FFT), where the higher boundary harmonics need to be
damped artificially in order to obtain convergence to
accurate results. We require that the mean error of the
poloidal field shall not exceed 10-1+- 1 0 - 5 , even at
high 3 when the plasma is highly shifted and distorted.
Such an accuracy is crucial for the stability analysis
and was not obtained in previous free-boundary studies
(Refs. 2,3). In Ref. 4 a method of solving free-boundary
problems is described which is based on a holograph
transformation. Ref. 5 gives the first results for a
circular wall with the present method. Results of the
stability analysis will be published elsewhere.
In Fig. 1 the plasma cross-section is shown for a
circular and elliptical wall for the same choice of^A
and a. The corresponding normalized poloidal field b p at
the plasma boundary (where 6 p = B p / < B p > ) and at the wall
is shown in Fig. 2 as function of the normalized arc length
X = 2-nl/L around the cross-section. Clearly, for high values of ae3 p the poloidal variation of b p becomes quite
large, especially at the wall where a minimum indicates
a second magnetic axis either at the left inside (X = IT)
for a circular cross-section or at the top and bottom
( X ~ ± T T / 2 ) for an elliptical cross-section. However, a
separatrix cannot move across the wall so that it is not
clear what the limiting high-$ state is, if there is any.

FIG.3. Scan of parameter space ae/3p - A' fora. = 0.1, 0.4, 0.9 for a circular wall (solid lines),
a.= 0.1, 0.2, 0.4 for an elliptical wall with E= 1.8 (long-dashed lines). The short-dashed
lines are lines of constant error ofbp using 128 gridpoints and 10 harmonics.
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In Fig. 3 the results of a complete scan of parameter
space for the circle and an ellipse are shown. Increasing the parameter A* = A / ( l - a ) , which measures the
shift A with respect to the space available (A1 = 1 corresponds to a plasma touching the w a l l ) , the value of
aegp increases until convergence all of a sudden fails
and no equilibrium is found anymore. Also shown are
lines of constant error in the poloidal field, which all
move upward if more harmonics are used, but this does
not remedy the failure to converge at about aegp^0.6 .
Although there is no clear evidence for a disaster at
this particular value of a e g p , for practical purposes
this more or less seems to constitute the high-g limit.

B.2. Internal ballooning modes in a diffuse high-g
tokamak
The optimal values of g/e for stability with respect
to global modes can be calculated using the sharp-boundary model [l]. However, it is possible that in some
cases the pressure-driven internal modes set a more
stringent stability limit on the value of g/e. Therefore
we have extended a previous work on diffuse high-g equilibrium and stability [6] to include the internal ballooning modes. We recall that these modes are expected
to occur only for large values of g, i.e.
g/e~q*2~l,
and that they have a large value of the toroidal mode
number, i.e. n >> 1. In the usual derivation of the ballooning equation one assumes at the onset that n >> 1 and
expands the magnetohydrodynamic (MHD) energy functional
in powers of 1/n [7] . In our calculations we follow a
somewhat different procedure. We first apply the high-g
tokamak ordering and minimize the energy functional to
each order in the small parameter e (here e is redefined
as e = a/R Q ) . The minimization to second order in e
leads to a partial differential equation for the stream
function ®, defined such that the components of the
perturbed fluid displacement perpendicular to the magnetic surface and perpendicular to the magnetic field
on the magnetic surface are given respectively by
X = i 3 0 / 9 x and Y = 3 © / 9 ^ , where we use the orthogonal
flux coordinates (ijj,x/<{>). The ballooning mode representation

0

( ^ ' X ) = Z [exp(-imx)] /
m

—oo

dx '[exp (imx ' - in / vdx") ] f (ty, x')
X

is then employed to reduce the partial differential
equation toan ordinary one, i.e.
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which is similar to the equation given in Ref. 7. Here
J is the Jacobian of the (^,XÍ<Í>) coordinate system, v =
IJ 2 /R, K A = Bx3R/3i|;, and I = RB¿ . In this equation the
equilibrium quantities are already normalized according
to the high-B ordering, i.e. P = q * 2 p / e B ¿ , By = q*By/eB 0 ,
= -*~;/a
B<j) = B ^ / B Q , ij, =
q * £ / a 2 B 0 , R = R / R 0 , J = B 9 J / R Q q * , V = V?q*,
a n d u) = < j 0 £ B o / a q * / p o / where the quantities with bars are
the physical onesT Thus all the terms of Eq. (1) are of
the same order^.
The ballooning equation has to be integrated along
the flux surfaces of the equilibrium configuration, as
discussed in Ref. 7. The high-$ equilibria are characterized by having a large shift of the magnetic axis
towards the plasma boundary and a strong coupling between
,2TT

the

shear

dq/dij; =

Ov/3^)dx/2ir and the value

of the function G = -(dp/dij;) Q J^RB^K^dx/iT cos x# which
represents a measure of the p l a s m a
3 and of the p r e s s u r e
gradient.
Because of these features, the coefficients
of the ballooning mode equation tend to have a high
harmonic content in the poloidal angle X' spoiling the
accuracy in the numerical integration of that equation
for a high-3 equilibrium. In order to avoid this problem, we apply the conformai scheme mentioned in Sec. B.l.
The value of the shift of the magnetic axis <5 is specified beforehand and the plasma cross-section is mapped
onto a circular domain with the magnetic axis in its
centre. The equilibrium equation is solved iteratively
in the transformed plane using the FFT and requiring
that the magnetic axis be actually at the centre. The
magnetic surfaces in that plane become almost circular
with a small elliptical distortion in the neighbourhood
of the magnetic axis. Thus the coefficients of Eq. (1)
1
An explanation of the ballooning mode representation in terms of radial periodicity
on the lattice of mode-rational surfaces and a derivation of a similar differential equation
from kinetic equations have been given in Ref. [8].
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rewritten in terms of the coordinates in the transformed plane can be represented with few harmonics. For values of <5 < 0.2, eight harmonics are sufficient to obtain
an accuracy of 10 _i+ to 1 0 ~ 5 ; for values of 6 approaching
the equilibrium limit (B^ -> 0 in the inside of the plasma
c o l u m n ) , fourteen harmonics may be necessary for the
same degree of accuracy.
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FIG.4. Equilibrium and stability diagram for p'(\p) = c(l -10\p2) (I - \¡J) and e"1 b(p + B2/2)/
d\p = - 5 . 5 (1 — \JJ). The plasma is stable above the broken line and unstable below it.
Curves labelled with different values of 8 represent equilibria with different values ofefip.
The relationship between ej3p, tfiAïo. and c and 5 is shown in the insert.

In Fig. 4 we show the results of our calculations
for the equilibrium profiles given in the figure caption. For each value of 6, the equilibrium is represented by a curve that starts at the G = 0 axis at a
small value of dq/di¿> (corresponding to the magnetic
axis), goes to some maximum value of G, and then returns
to G = 0 at a large value of dq/d^, which corresponds to
the plasma boundary. The broken line represents the marginal stability curve according to the Mercier and ballooning stability criteria; the plasma is stable above
the line and unstable below it. The values of e$p and of
^l/^o' where q1 and q 0 are the values of q at the plasma
boundary and at the magnetic axis, respectively, are
shown in the insert as a function of 6. For the equilibrium profiles that we have used so far, we were unable
to reach the second stability region predicted by different authors
[9 - 13]
before the equilibrium
limit on Ô sets in. However, this cannot be considered
as an indication that the second stability region does
not exist, because we have not yet made a systematic
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study of different equilibrium profiles, in particular
the ones associated with flux-conserving-tokamaks [13].
A l s o , for most of the cases that we have studied, there
is almost no difference between the Mercier and ballooning stability boundaries. The mode profile tends to be
very broad, extending to the equivalent of 2 0 or more
turns in the poloidal direction.
B.3 Equilibrium and stability of a screw-pinch
The sharp-boundary model of a high-3 tokamak with
force-free currents (FFC) provides a good description
of the stability of the screw pinch in which plasmas
with high betas are confined [l]. The screw pinch is a
high-3 tokamak with a special combination of the equilibrium parameters (poloidal beta, e 3 D , and the forcefree parameter r that measures the strength of the FFC)
in such a way that the q-profile in the FFC region is
uniform.
The high-3 tokamak ordering reduces the problem of
the fields in the FFC region to a simple Poisson equation in the plane of the cross-section for the stream

function ]\>:
V2I|J = -T

,

bp=-n»V^

(2)

Because the plasma shape S is prescribed, the boundary
conditions are of the Cauchy type and the problem is ill
posed. An analytic solution to this problem has been
found [14,15] so that for each combination of e3u a n d r
the corresponding q-profile can be determined. The profiles for several cross-sections and for various values
of e3p and r show that for each cross-section an almost
uniform q-profile does indeed exist. Based on this it
is concluded that the equilibrium parameters leading to
the screw-pinch mode can be deduced much simpler from
the condition 1/q* dq/dij;) s = 0 ; q* is related to the
toroidal current through the plasma q*= e L B 0 / I t o r , where
e = a/R0,
L the length of the circumference, B 0 the
toroidal magnetic field at R 0 , I^or t^ie t o r oidal current,
a the half-width of the cross-section and R 0 the major
radius.
In the solution of the ill-posed problem a conformai
transformation is employed that maps the FFC region onto a semi-infinite strip in the to-plane (u> = u + iv) . For
a cross-section S given in a parametric form: xg=f(t)
and- y s = g (t) this mapping is: z = x + iy = f (w) + ig (u>) =
h(oj). Clearly, u and v correspond to an orthogonal coordinate system where S coincides with v = 0 . In terms
of this coordinate system q on S is:
q/q* = —^

d u g / b p = ¿ j du|^; g(u,v) = /h« (w)h' (u)
S
v=0 J^
(3)

where h 1 (w) stands for the complex conjugate of h'(w).
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TABLE I. MAXIMUM BETAS FOR THE SCREW PINCH
Cross-section

Elongation b/a

D-shape

jS/e

Circle

1

0.38

Ellipse

1.5

0.52

Ellipse

2

0.58

Ellipse

3

0.53

D-shape

1.5

c = 0.3

0.52

D-shape

2

c = 0.3

0.63

Differentiation with respect to ip - making use of (2) transforms the screw-pinch condition to the simple integral:
•2TT

du

Lg ¿2£2
bé 3v

= o
S

(4;

p

from which for each cross-section the desired relation
between e3p = 3/e q*2 and r can be obtained.
The stability results for the high-3 tokamak are
presented in a 3/e versus q* diagram in which the stable
region lies to the right of the marginal stability curve
and below the curve representing the equilibrium limit(Fig.5).
The screw-pinch condition on q leads for each value of
r to one value of e3p and thus to a curve 3/e q*2 = e£p
in the stability diagram. Consequently the marginal
stable point for the screw pinch consists of the intersection point of this curve with the curve for marginal
stability. The stability results for a D-shaped crosssection (c = 0.3) [16] with an elongation of b/a =1.5
are shown in -Fig. 5. The points on the marginal stability curves corresponding to the screw-pinch mode are
indicated by squares. This shows that a large part of
the stability diagram is not available to the screw
pinch and that the effect of r on the maximum 3 is now
only minor. Increasing r soon leads to a decrease in 3,
so that large values of eT(> 2) should not be considered
at all
(e = L/2ïïa).
The dependence of the maximum 3
on the shape of the cross-section is shown in Table I.
Combining an elongation with a D-shape is seen to yield
the best results.
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FIG.5. Stability diagram for a D-shaped
cross-section with elongation b/a -1.5 and
c = 0.3 for the values of T: (a) eT = 0,
(b) eT = 1, (cj eT = 1.5, (d) eV = 2,
(f) eT = 3 (e = 1.267). The shaded side of
a curve indicates the stable region. The
points 1 to 4 are marginal stable points for
the screw pinch corresponding to eT-values:
~0, 1, 1.5 and 1.8.

C. EXPERIMENTAL RESULTS OF SCREW PINCHES
In screw pinches the toroidal field and the plasma
current are induced simultaneously and with the same
time dependence to obtain a configuration with substantial force-free currents (T~2) outside the high-8
core.
In SPICA [17] (circular cross-section, R = 0 . 6 m, r =
0.2 m, BA = 1.6 T, I^px ~280 kA, x r i s e = 10 ys, T 1 / e = l m s )
such configurations nave been produced at initial gas
pressures around 8 mtorr D2. At a high value of the toroidal bias field (0.14 T) the imploded central plasma
column has a radius of 6 cm, a density of 10 2 2 m" 3 , a
temperature around 60 eV and a peak '$ of ~ 0.2. The
surrounding force-free field region has a nearly uniform pitch ( q ~ 1 . 5 ) , a density < 3><1020 m~3 and at 7 ys
a temperature >. 5 eV. The configuration persists with
roughly the same plasma parameters in the column for
more than 50 ys, but MHD stability is observed for
times up to 200 ys. At low values of the bias field,
high-temperature (350 eV) pinches result which are unstable due to the very high 8-values.
Besides profile measurements of T e and n e (Thomson
scattering and laser interferometry), spectroscopical
measurements are carried out in the visible and the
vacuum ultraviolet region [l8].Doppler broadening of
N V lines agrees with the scattering measurements,
and indicates equalization of T¿ and T e before t ~ 7ys.
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FIG. 6. Computed Te (axis) in SPICA as function of the oxygen concentration n0
(ne = 6X1021 m~\ j = 2 MA m'2).
(1) Te0 = 77 eV, n0/ne = 0.85%.
(2), (3), (4) Te0 = 50 e V, nQ/ne = 0.1%, 0.25%, 0.5%. In all cases the oxygen is in the V
and VI ionization stage at t- 0.

Scattering measurements indicate that the temperature
and 8 decay only slowly and the radius of the central
column shrinks to small values at later times (120 ys).
In these discharges the measured oxygen concentration
is n O VI < 0.002 n e . It is clear that this concentration plays a significant role. Especially after machine
openings, the oxygen line radiation shows low temperatures
at early times (< 70 ys). Computations on the basis of
the ATHENE-code [19], to which an oxygen-line radiation
routine has been added, show the importance of the oxygen concentration at temperature values around 60 eV
(see Fig. 6 ) . At higher temperatures, which we expect
to occur in SPICA II, this radiation is largely reduced,
but silicon impurities will then play a similar role
albeit on another timescale. Therefore, the predischarge circuit in SPICA has been modified. Instead of
a ringing predischarge, which causes repetitive plasmawall interactions, a crowbarred predischarge has been
applied. Preliminary results indicate a substantial
reduction of impurity line radiation.
In SP IV (highly elongated, R=0.24 m, r=0.06 m,
2h=0.48 m, B^ = 1 T, I^ p l ~ 320 kA, T r i s e = 10 ys) a
high- and a low-6 regime have been studied in ringing
discharges [20]. In the crowbarred version (x 1/ / e ~250 ys)
no long-lasting stable discharges with interesting
plasma parameters have yet been obtained. Since the
linear (horizontal) compression is very high directly
after the implosion, it is suspected that sausage-like
(axisymmetric) instabilities divide the plasma belt into
separate
rings which become kink-unstable. For smaller
values of
8
(< 20%), which would lead to smaller
compression values, the temperature may become too
small to overcome the line radiation barrier.
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FIG. 7. Values of initial pressure and bias field for which efficient implosion can be combined
with MHD-stability (shaded region) in SPICA (a) and SPICA-II (b).

The parameter range for reliable operation in implosion-heated pinches is limited by requirements on the
efficiency of the implosion, on the value of 3 allowed
by equilibrium and stability as discussed in the preceding sections and on the impurity line radiation. The
latter requirement asks for electron temperatures above
a value depending on the impurity concentration (cf.
Fig. 6 ) . The efficiency of implosion heating is limited
by skin broadening due to current-density-induced instabilities at low particle densities or due to the
sweeping up of the bias field in the developing skin
[21]. In Fig. 7 the limit for an efficient implosion is
drawn as function of the bias field and the initial
pressure in SPICA as well as in SPICA II. The figure
also shows lines of constant temperature and of constant £. In SPICA the accessible range (the shaded region, where the efficiency is still high and 6 is below
the stability limit) for temperatures exceeding the radiation barrier is extremely small, which is reflected
by the experimental difficulties in reaching interesting plasma parameters during longer times. In SP IV
(not shown) such a region may not exist at all.
SPICA II [22] has been designed with the above limitations in mind. An elongation of the plasma crosssection, which is less extreme than in the case of SP
IV, permits an increase of 6 to values higher than 30%.
The corresponding decrease of the initial bias field
causes a reduction of the skin width during implosion.
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TABLE II. SPICA-II PARAMETERS
R = 0.45

v

d/ v the (outer region) = 0.1

r = 0.15 m

r p = 4 cm

2h=0.7m
Po ~ 3 mtorr

0peak = £ 0 . 3

k T = 1 5 0 - 3 0 0 eV
n e = 2 - 10 X 10

21

q = £i-3
m

-3

Volume compression 10

I 0 p l = 1 MA

Eccentricity ^ 3 cm

B0=1.3T

Plasma ellipticity ~ 4

FIG. 8. Artist's view of SPICA-II. The
design has been optimized to achieve an
undisturbed magnetic-field configuration.

This , together with slightly favourable geometrical
factors, makes a regime of lower initial density accessible where plasma temperatures exceeding 150 eV can
be reached. As the oxygen line radiation barrier is
then surmounted, and since the confinement times increase,
we have decided to include power crowbar units in the
primary circuits in order to sustain the maximum plasma
current and the toroidal field during 1 ms or longer.
This will allow us to study the loss processes of a
high-g plasma. Design parameters and expected plasma
parameters are given in Table II. An artist's view of the
construction is shown in Fig. 8.
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Abstract
HIGH-BETA TOKAMAK STABILITY STUDIES.
Recent experimental and theoretical research at Columbia University on MHD stability
limits of tokamaks is summarized. Data obtained from Torus II indicate that it can operate
in the second, high-beta stable regime with 0(0) ~ 30%, (j3> ~ 10%, n e (0) ~ 3 X 1021 m~3
and T ~ 100 eV. As the plasma cools, density fluctuations characteristic of a ballooning
instability are observed. Simulations are compared with experimental observations. Theoretical
results for ballooning and kink-mode instabilities are described.

I.

Torus II Experiments

Torus II, a high-beta tokamak designed to explore mhdplasma-stability limits [1], has a pyrex-glass torus with rectangular cross section, b/a = 2, R 0 = 0.255 m, 2a = 0.126 m, and
operates with n e (o) = 2n-¡(He) ~ 3 x i o 2 1 m" 3 , T e ~ T-¡ * 100 eV,
and B^ ~ 0.5 T. To establish this configuration, a unique
start-up procedure is employed. Plasma is preheated by a
toroidal Z-pinch; then high power heating (12-50 GW)xand conversion to tokamak configuration takes place, using fast reversal
(1.7 ysec) of the toroidal magnetic field. The vertical field
is simultaneously increased to maintain radial equilibrium. When
the plasma evolves to the high-beta tokamak state, the capacitor
banks are crowbarred with L/R decay times ^ 60 ysec. The resulting plasma is elongated with b/a *v» 3.5, q(a) * 2 and is in
the second, high-beta stable regime [2] with s ~ 0.5, G * 4,
3(o) * 30%, <3> ^ 10% and <gp>^10. Decay of toroidal current
presently limits the useful tokamak test time to about 30 ysec.

* Research supported by the Office of Fusion Energy, US Department of Energy.
** Institute of Plasma Physics, University of Nagoya, Japan.
1
"Heating power" means the power delivered by the capacitor bank system;
between 1 and 5 percent is absorbed by the plasma.
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Fast reversal of the toroidal field, from -0.2 T to +0.5 T
in 1.7 usee, induces a large magnetic gradient, which drives a
large poloidal skin current in the plasma. Observation of
field soak-in time, the toroidal field gradient scale length,
and the rapid dissipation of toroidal plasma current during
this time of turbulent heating (until B^ has completely reversed-a time ^ 3-5 usee) permits an estimate of the plasma resistivity
enhancement factor (^ 100) due to microturbulence. As a result,
the plasma is intensely heated and the tokamak magnetic configuration is established.
To study the turbulent heating in more detail, the line
structure of H a and Hg in He II (4686 and 3203 Â) was observed
spectroscopically in both the turbulent-heating phase as well as
in the subsequent tokamak equilibrium period. During the turbulent heating period (^ 2 usee) He II lines are stark-split [3]
from the electrostatic fields of strong plasma waves excited by
the poloidal skin current. Maximum average electric field
strength, £ ^ 30 kV/cm for waves having u * œpi, was obtained;
hence (E 2 /2e 0 )/nT e ^ 5 x 1 0 - 3 , and a theoretical estimate of
plasma resistivity [4] yields a resistivity enhancement in good
agreement with the experimentally observed value. At this time,
the ion temperature (^ 25 eV) was lower than the electron temperature. In the tokamak equilibrium phase, the spectral lineshape
shows simple Doppler broadening, giving a helium ion temperature
~ 75 eV (Fig. 1 ) . The rate of ion heating is slower than electron heating, and appears to be explained adequately by ion
scattering off ion-acoustic type fluctuations [5].

FIG.l, Ion temperature at the plasma
centre; 25 GW heating power.

U.V. spectrograms were obtained in the 500-1000 A spectral
range, and showed ionization stages in oxygen up to 0VI. Burnout times of Silicon impurity stages, as well as observation of
soft x-rays, set an estimate for T e in the range of 50-100 eV
depending on the time of observation. Also, the cooling time
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constant appears to be in the range of 10 ysec and is controlled
by substantial (% 1-2%) Si and 0 impurities. We thereby
estimate a poloidal £p in the range 5-10, viz, * 1/e for the
plasma. This estimate for 3p is confirmed indirectly from
the independent observation of a slight toroidal plasma current
reversal near the inside rim of the plasma [6] in the equilibrium period.
Spectroscopic evidence [3] of a poloidal rotation of the
plasma [7] was obtained from He II as well as impurity lines;
this may be an Er x J3 effect, where gr is caused by transport
across magnetic surfaces. We estimate the rotation speed is
^ 5 x 10 6 cm/sec and E r ^ 100 v/cm, radially inward.
Measurements of the local values of the vertical and radial
magnetic field components during the tokamak phase were made
with magnetic loop probes. The probes were insulated from the
plasma with alumina and could be used throughout the discharge
with 12 GW of heating power. From the measured values of B,
poloidal flux surfaces could be calculated. Shown in Figure 2
are the measured poloidal flux surfaces 15 microseconds after
the start of the heating phase with 12 GW of heating power. The
total plasma current was approximately 25 kA and the dimensions
of the last closed flux surface ^ 11.5 cm high and ^ 7.5 cm
wide. To gain a better understanding of the equilibrium properties of this plasma, the PEST Code [8] was used with our best
measurements of density, temperature, plasma current, and
currents in the external conductors. Shown in Fig. 3 is such
an equilibrium. This equilibrium assumes a parabolic pressure
profile with a peak beta of 27% and a volume averaged beta of
9.5%.
Measurements of the density fluctuations in the high beta
tokamak phase have been conducted using CO2 laser scattering
and heterodyne detection [9]. A CW, single mode beam was
passed through the plasma and beat with a sample of the incident beam as a local oscillator in a Hg doped Germanium detector.
Due to the finite divergence of the transmitted beam, the
scattering system was sensitive to all density fluctuations with
wavelengths greater than 0.7 cm. Since the ion gyroradius is
in the 0.4 to 0.7 cm range and ballooning instabilities are
expected to have wavelengths longer than the ion gyroradius,
this diagnostic is sensitive to the range of wavelengths where
ballooning modes should occur.
The measurements were performed at 12 GW of heating
power. Under these conditions the volume averaged beta was
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FIG,2. Poloidal flux surfaces in Torus II at 15 ¡xs after 12 GW heating. These were developed
from magnetic-probe data. For these conditions and time, </J> ~ 3%. Shown on the right are
scattered CQ2 signals obtained from the three indicated radial locations in the Torus II plasma.

FIG.3. Poloidal flux surfaces computed
for Torus IIgeometry by the PEST code.
This equilibrium has </?>= 9.5%, ¡5(0) = 27%,
Ip = 50 kA.
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approximately 10% initially, but due to the relatively low
temperature (Ti * T e < 100 eV) the plasma cooled radiatively
in a short period of time (about 5 ysec), so that it dropped
into the 5% range and below soon after the heating phase
was completed. In Figure 2 are oscillographs of the heterodyne scattered signal observed from three radial locations,
which are indicated on the measured poloidal flux map. Along
the inner-most chord, which was just inside the magnetic axis,
the data show three and a fraction interferometric fringes
corresponding to a line averaged electron density of approximately 3 x 1 0 2 1 m- 3 in the plasma. No density fluctuations
were evident except the interferometric fringes, which indicates
a slow loss of the plasma. Along the chord just outside the
magnetic axis, no density fluctuations were observed for a
period of about 8 microseconds after heating; then a growing
fluctuation with a frequency of about 250 kHz appeared. The
fluctuation continued to grow until the plasma was lost after
about 40 microseconds, due to the resistive decay of the
toroidal current. Along the outermost chord a growing fluctuation was observed almost immediately after heating. The fluctuation had exponential growth until the plasma was lost, again due
to decay of toroidal current. The frequency of this instability
was higher on the outer chord, f ^ 500 kHz. The growth rate
was approximately 5 x I O 4 sec which corresponds to a growth
time of two toroidal Alfven transit times.
Preliminary results have been obtained at the higher heating
power of 25 GW. In this case the temperature of the plasma was
initially larger (^ 150 eV} and the cooling time was longer
(^ 15 microseconds). Although the temperature was higher, the
larger value of B toroidal resulted in approximately the same
initial volume averaged beta. The principal difference was the
slower cooling time due to higher temperature. The data indicate that this hotter plasma was stable for 20 microseconds
instead of the 8 microseconds observed at lower heating power.
After 20 microseconds a growing density fluctuation with approximately the same frequency was observed.
These data are very suggestive of ballooning mode
activity. The initial plasma, at a relatively high volume
averaged beta, was observed to be stable for 8 to 20 microseconds depending on the cooling rate. As it is cooled, a
fluctuation grew with frequency and growth rates indicative of
an mhd instability. Assuming a parallel phase velocity comparable with the Alfven speed, the observed fluctuations would
have a toroidal mode number of n = 4. This is consistent with
the view that the Torus II plasma was formed in the "second"
stable region with a volume averaged beta of about 10%, but
that radiative cooling lowered the beta and the plasma then
became unstable.
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II. Theoretical Studies: Stability and Turbulent Dissipation
The existence of the second stability regime for high-n
ballooning modes, is well known [2] [10]. Using the model of
Connors et al. [10], for circular cross-section tokamaks, in
which the flux surfaces are assumed to be shifted circles, we
investigated [11] profile shaping to achieve stable operation
in the high-beta regime.
As is usual, the quantities S = d(¿n q)/d(¿n r) measures
shear, G = -(2Rq 2 /B 2 ) x dp/dr measures pressure gradient, and
eBp = 2p 0 qo 2 /eB 0 2 is the poloidal beta (divided by the aspect
ratio). Figure 4a shows the usual stability regimes in the
G-S plane.
With conventional profiles (a is the outer radius)
P(r) - (1 - £

f

j(r)*(l-£)v
the outer radius corresponds to a point on the S-axis, since
dp/dr is zero there and shear is finite. The magnetic axis
always corresponds to the origin of the GS plane since both
pressure gradient and shear vanish there. A typical equilibrium locus is shown as curve A, and thus, these equilibria
cannot reach the second stable regime without intersecting
the unstable regime. The poloidal beta limits are typically
e3p £ .15.
In order to have a profile lie totally in the high-beta
regime, we must decrease the shear outside by increasing the
current there. For example:
j(r) = jo (1 - £ )

v

+ ja ( £

)X

P(r) * (1 - £ ) u
with properly chosen v, À, and ja/Jo yields a profile shown in
the high-beta regime of Fig. 4a. These profiles have high
curents near the wall (force-free, or nearly force-free).
Fig. 4b shows the distribution of pressure, current and q for
such profiles. Stable poloidal betas correspond to e3p K 1,
with no upper limit. Pinch-tokamaks are ideal for studying
such profiles, since the plasmas can be born in this regime
by proper current programming, and do not need to traverse the
unstable regime.
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(b)

FIG.4. (a) The ballooning-mode-stable
regions in the G-S plane. Curve A:
Conventional profile. Curve B: Profile
with force-free or nearly force-free currents
outside;
(b) pressure, current and q-profiles
corresponding to curve B of Fig. 4a.

Low-n mode stability has been investigated for external
and internal kink modes for Torus II geometry. Linear stability
has been studied with an initial-value code, and nonlinear
stability has been studied theoretically [12]. Force-free
currents are stabilizing both linearly and non!i nearly. Higherbeta stability is increased as the force-free current increases
up to an optimal value. In general, the optimal force-free
current increases as the plasma current increases. Hollow
current profiles in the plasma are more stable than peaked
current profiles. Measured profiles from the Torus II experiments have been curve-fitted to simple analytic expressions,
and beta limits for low-n mode stability for these profiles
have been established.
A theory of the turbulent resistivity responsible for
Torus II turbulent heating, due to the ion-acoustic instability,
has been developed. Predicted results are in agreement with
experimental data. The formulation of the theory is based on
the direct-interaction approximation [13], and generalizes the
conventional quasi linear treatment of such problems to the
domain of strong turbulence.
New perspectives on the validity of the direct-interaction
approximation have also been investigated for more general
plasma turbulence applications. In particular, a derivation
of the DIA equations for quadratically-nonlinear stochastic
systems, which was presented in Ref. [13] and which was based
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on the determination of the lowest-order nonvanishing expressions
in an expansion of the noise correlator and self-energy in
powers of the two-point correlation function, has been reexamined. It was seen that an implicit requirement that a
certain quantity be small has been embodied. "Smallness" has
been precisely defined, and related to a skewness expansion of
the exact equations developed by Martin, Siggia, and Rose [14].
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DISCUSSION
ON PAPERS L-4-1 AND L-4-2

S. ORTOLANI: Do you have, or will you have, direct measurements to show
experimentally the existence of the outer force-free region?
C. BOBELDIJK: In SPICA we have made magnetic-probe measurements in
the outside region that confirmed the existence of force-free currents near the
wall. For SPICA-II similar measurements are planned. Also, the internal plasma
inductance, which is routinely measured, is rather sensitive to the width of the
current-carrying region.
B. COPPI: The theoretical prediction of stable, high-/? tokamak-like equilibria
coupled with the observations made by the Columbia University team should
induce a re-assessment of the reversed-field-pinch approach toward high-j3 toroidal
plasmas. Yet, no comparative discussion of these two approaches has taken place
yet at this Conference. Do you have any relevant comments?
C. BOBELDIJK: For a long time, high-j3 research has been conducted by
fast-toroidal-pinch techniques. It is an interesting development that high-jS
equilibrium and stability now receive more emphasis in tokamak research. The
beneficial effect of broad current profiles in the flux-conserving tokamak is based
on the same principles as the stabilization of screw pinches by force-free currents.
Plasmas created in the screw pinch are stable with respect to ideal-MHD modes.
Stability with respect to modes operating on a longer time scale will require new
experiments. As to the implications with respect to reversed-field-pinch experiments, we have no comments.
F.F. CAP: I would like to comment on the fact that you did not find a
second stability region for ballooning modes. I reported a similar result at Nagoya.
To obtain the second region, it is necessary (after Fourier transformation;
(see CONNOR, J.W., HASTIE, R.J., TAYLOR, J.B., Phys. Rev. Lett. 40 (1978)
396) to discard the 'large' solution. Since you are using a variational technique
it seems to me that the result still contains the large solution so that no second
region can be found.
C. BOBELDIJK: In our analysis we used a variational method and a second
technique; both lead to the same result. The existence of a second stability
regime has not been ruled out in our investigation since not all relevant parameter
space has been scanned.
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Abstract
IMPURITY CONTROL EXPERIMENTS IN THE ASDEX DIVERTOR TOKAMAK.
ASDEX is a large tokamak (R = 1.65 m, a = 0.40 m) which was brought into operation
in February 1980 to study the mechanisms of impurity production and control by a poloidal
divertor. To elucidate the contribution of different processes to the impurity behaviour, four
modes of tokamak operation are compared keeping the plasma parameters as similar as possible.
Limiter (L), Limiter with gettering in the divertor chamber (LP), Divertor without getter
pumping (D) and Divertor with getter pumping (DP). — In limiter discharges (L), light (oxygen)
and heavy (iron) impurities radiate a large fraction ( ~ 80%) of the Ohmic power input.
Retracting the limiter and switching on the divertor coils (D) reduces the iron content by, at
least, a factor of 10. On the other hand, oxygen is reduced by almost an order of magnitude
when titanium is gettered in the divertor chambers (LP and DP). In diverted discharges with
gettering (DP) radiation losses account for only 20 to 40% of the Ohmic power input. Only
part of the remaining power is found on the neutralizer plates, suggesting that a sizeable fraction
of the input power is lost inside the divertor chambers. Radial profiles of O IV to VIII taken
in DP discharges indicate a diffusion coefficient for oxygen ions of ~ 8000 cm 2 -s - 1 , which is
of the order of the Bohm diffusion. This anomalous inward diffusion impairs the shielding
efficiency of the scrape-off layer. — In general, divertor operation considerably extends the
parameter range, allowing e.g. n e < 5 X 10 13 cm - 3 , r E < 50 ms, Zeff ~ 1, q a > 2.0 and discharge
durations of up to 3 s.

:

* Guest scientist from Academia Sínica, Peoples Republic of China.
* Guest scientist from Colorado State University, United States of America.
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INTRODUCTION

ASDEX (Axially Symmetric Divertor Experiment) is a
large tokamak at IPP Garching designed to study the
control of impurities and recycling by a poloidal
divertor.
The experiment was brought into operation in February
198o. The first two months were used to gain operating
experience and to bring the various systems up to their
design capabilities. During this period, ASDEX was run
with a fixed circular limiter and produced typical
tokamak discharges with currents up to 28o kA (qa = 3)
and disruption-free durations of up to 1 s / 1 / . At the
end of March the vacuum vessel was opened for inspection; the first circular limiter was replaced by a
circular limiter-system consisting of two halves which
can be independently retracted between shots thus
allowing one to pass continuously from mechanically
to magnetically defined plasmas of equal size and
cross-section.
Subsequent experiments demonstrated the effectiveness
of the divertor in reducing the level of impurities
(especially those with high Z ) , which enabled the
routine production of discharges up to 3 s duration.
The oxygen level could be reduced significantly by
gettering titanium onto large panels in the divertor
chamber. Operation of the divertor also facilitated
the attainment of discharges with higher densities and
smaller q a -values.
Before discussing these results in detail, we briefly
describe the ASDEX experiment and the general behaviour
of tokamak discharges in ASDEX.
2.

THE ASDEX DEVICE

A simplified cross-section of the ASDEX tokamak with
its two poloidal divertors is shown in Fig.1. The
plasma has a major radius R = 1 . 6 5 m and a minor radius
a = 0 . 4 0 m. 16 D-shaped coils produce a toroidal field,
B-t-(R) <: 2.8 T, with a maximum flat-top time of 5 s. The
transformer flux swing of 2 x 2 . 5 Vs allows plasma
currents I p = 500 kA. Both the equilibrium vertical
field and the radial field are controlled by feedback
systems.
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FIG.I. Simplified cross-section of ASDEX.

The divertor field configuration is produced by two
symmetrical sets of divertor coils, the currents of
which can be programmed. To obtain short range divertor fields with minimum distortion of the plasma
equilibrium, the separatrix is formed by coil triplets
with zero net current. To ensure that the influence of
the divertor field remains local and to avoid problems
with plasma start-up, additional coils outside the
vacuum vessel compensate the divertor field of the
coil triplet over the major part of the plasma region.
With these measures, the magnetic field configuration
permits diverted discharges with almost circular plasma
cross-section which lend themselves to comparison with
standard limiter discharges (as = a L = 0.40 m ) •
The vacuum vessel is constructed of 2-3 cm thick
stainless-steel and has two insulating gaps. All
limiters and protection plates are also made from
stainless-steel while the neutralizer plates are made
of titanium. The vessel pumping system comprises eight
35oo 1/s turbomolecular pumps with an effective pumping speed of 15 000 1/s. Hydrogen (or deuterium) is
introduced into the torus via fast opening piezoelectric valves which can be programmed or feedback
controlled. The divertor pumping system consists of
Ti-evaporators and LN2-cooled getter panels (total
area of ~60 m 2 ) with a pumping speed of ~6 x 1 0 6 1/s
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which should reduce the plasma backstreaming ratio to
below 0.1.
More details on the ASDEX device can be found in
references /2/-/4/.
The methods of conditioning the vessel included cleaning
with Freon, vacuum baking to 130° C and DC glow discharge cleaning of the plasma chamber /5/. Baking reduced the H2O partial pressure to a few 10~8 mb, whereas the hydrocarbons could be almost fully removed by
the glow discharge. The last step in the conditioning
procedure on ASDEX is a 50 Hz tokamak-like discharge
at a pressure of 5 x 1 0 " ^ mb H2 with the parameters:
!peff ~ 1 k A / U L ~ 5 v ' T e ~ 5 - 10 eV. This type of discharge removes about 10 monolayers of oxygen per hour
from the walls by producing H2O. Implimentation of
the 50 Hz discharge for half an hour once or twice
during a day of operation is sufficient. In the case
of gettered tokamak discharges special discharge cleaning did not appear necessary.
3.

GENERAL TOKAMAK BEHAVIOUR

We have investigated mainly four modes of tokamak
operation in ASDEX: 1) Material limiter (i.e. standard
tokamak operation, in the following denoted by "L")
2) Material limiter with pumping by gettering in the
divertor chamber ("LP") 3) Divertor (material limiter
retracted) without getter pumping ("D") 4) Divertor
with getter pumping ("DP"). Owing to the special limiter construction a continuous transition from the L
to the D mode is possible.
The plasma parameters in the four different cases were
kept as similar as possible. Therefore, plasma current
and density were feedback controlled following a prescribed program. The plasma size and cross-section
can be kept practically constant when changing from
L to D type discharges.
In all experiments, except those with very low q-values
(qa - 2), the toroidal field was 2.2 T. The range of
plasma parameters was: I p ^ 400 kA, q a > 2 . 0 , T e = 0.5 1 .2 keV, Ti = 0.5 - 1 keV, ñ e = 1 - 5 x 10 1 3 C nr3, z $f f = 1 - 8 ,
total energy confinement time ^ E ^ 50 ms and pulse length
T ^ 3 s. Figure 2 shows the time development of In,
n e , T e (0), Ti(0), Zeff - 1 and T E for a divertor discharge (D) with 3 s duration.
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FIG.2. Plasma current I p , line average electron density ne, electron temperature Te(0), ion
temperature T-JO), Zeff and total energy confinement time Tg during a divertor discharge (D)
with 3 s duration.

The D discharge breakdown and start-up phase in the
fully developed stationary multipole field did not
present any problems, as was expected from the special
layout of the multipole field and the short time constant of the currents in the multipole cans (100 ys).
There were no remarkable differences found from the
standard tokamak operation (L). Also, during the flat-top of the plasma current the D discharges appear
similar to the undiverted discharges in terms of MHD
activity: they can be kept vertically stable and exhibit sawtooth oscillations. With regard to the m = 2
mode and susceptibility to disruptions, D discharges
seem to be somewhat better behaved than L discharges.
Due to the drastic reduction of impurities, diverted
discharges extend the parameter range considerably.
For example, since Zeff is low, the flux of the OH
transformer is sufficient for 3s-discharges in the
D and DP case, whereas L and LP discharges have a
maximum length of about 2s. Likewise, in D discharges
the qa-value can be decreased in stable operation to
q a = 2.0 (by lowering the toroidal field to 1.5 T)
which is not .possible in the L case. The density limit
to date is about 3 x 1 0 ^ c m " ^ for L discharges and
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5 x 1013cm~"3 for DP discharges. The latter limit remains constant during the discharge, no matter whether
it is reached after 0.4 s or 3 s. Shortly before the
density limit is reached a rise in the bolometer signal
and a subsequent short exponential increase in the
density is observed which is followed by a disruption.
Reproducible stable operation with a constant density
plateau is, however, possible without problems at a
density
10 % below this limit.
In order to protect the machine, special care has
been taken to make the vertical field feedback and
the plasma current feedback fast enough so as to
produce a smooth decay of the plasma current in case
of disruptions. By these measures dangerous disruptions have been fully avoided as long as all technical
systems were functioning properly.

4.

CONTROL OF IMPURITIES AND RECYCLING

The following effects are expected to reduce the impurity concentration in a divertor discharge compared
to a limiter discharge.
- Interaction of charged particles with the neutralizer
plates occurs homogeneously over a large area. Thus
thermal impurity generation is reduced.
- The temperature of the plasma streaming into the
divertor can drop along its path to the neutralizer
plates due to radiation or charge-exchange losses.
Therefore, impurity generation by thermal effects,
sputtering or arcing should be reduced.
- Impurities generated on or recycling from the neutralizer plates have only little chance to enter
the plasma column because of geometric effects and
electric fields repelling impurity ions.
- With proper refuelling the background of neutral
hydrogen atoms in the discharge is reduced which
otherwise would cause charge-exchange sputtering
at the wall.
- The scrape-off layer of a divertor discharge could
shield the discharge more efficiently against impurity influx from the wall than the boundary layer
of a limiter discharge does.
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In order to elucidate the role of these different effects, L-, LP-, D- and DP-type discharges with similar
plasma parameters are compared.
4.1

Low and High Z Impurities

The behaviour of specific impurities in the discharge
is investigated by VUV-spectroscopy, X-ray spectroscopy with a Bragg spectrometer, X-ray pulse height
analysis (PHA) and by an in situ surface analysis
station (QWAASS).
Figure 3 shows the plasma current, mean electron density, radiated power and impurity line intensities
(0 VI/1o32 & and Fe XVI/336 &) as a function of time
for L, LP, D and DP discharges. Table I summarizes
several characteristic data at t = 1 . 0 s for these discharges as well as for DP discharges at two different
densities. Impurity fluxes on probes analyzed with
QWAASS are shown in Fig.4. For comparison the hydrogen flux on a probe measured with thermal desorption
mass spectroscopy (TDMS) is also shown in Fig.4.
Comparing the limiter (L) and divertor (D) discharges
without titanium gettering (c.f. Figs.3 and 4, and
columns 1 and 3 in Table 1 ) , the main effect of the
divertor is seen to be a reduction of iron by at least
an order of magnitude as indicated by the decrease of
the Fe XVI line by at least a factor of 25, by PHA
and by the surface probe. These diagnostics also show
that the iron is not replaced by titanium (material
of the neutralizer plates). On the other hand, the
intensity of the O VI line is a factor 2 larger in
the divertor case. Z e ff drops to values between 1.0
and 1.7 (c.f. Fig.5) which leads to a 35 % reduction
of the ohmic power input, Pç)H' an( ^ a 56 % reduction of
the radiated power, P r a d* (The radiated power includes losses by charge-exchange neutrals). Spectroscopy and PHA indicate that other impurities but Fe
and O do not substantially contribute to the radiation from the bulk plasma.
If the divertor pumps are in operation (DP) - the
pumping speed for H2 was only about 10^ 1/s, i.e.
1/6 of its final value, in the present experiments the intensity of the 0 VI line is reduced by an order
of magnitude compared to the divertor without pumping
(D) and the radiated power decreases by about 50 %.
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TABLE I. TYPICAL PLASMA PARAMETERS FOR FOUR TYPES OF
TOKAMAK DISCHARGES
Standard tokamak operation with limiter (L), limiter with pumping by gettering
in the divertor chamber (LP), divertor without getter pumping — limiter
retracted (D), and divertor with getter pumping (DP). The values are for the
plateau stage of the discharges, at t = 1.0 s. The intensities of the O VI and
Fe XVI lines are normalized to 1.0 for the L-type discharge.
L

LP

D

DP

DP

#1169

#1177

#lo85

#lo92

#123o

~ 25o

Ip CkA)

255

u (V)

1.8

1.25

1.15

1.15

1.4

- ,. 13 -3.
n (lo cm )
e

1.9

1.8

2.2

2.2

3.5

T e (0) (eV)

8oo +:

66o

53o

44o

T.(0) (eV)

77o+>

55o

48o

33o

T E (ms)

32+)

38

38

37

Z

2.7+>

0.95

0.9

0.9

eff

55o

P0H

(kW)

44o

3oo

29o

29o

36o

P

(kW)

385

2oo

17o

118

9o

0.87

0.67

0.59

0.41

0.25

0 VI (arb.units)

1.0

0.14

1.95

0.20

Fe XVI (arb.units)

1.0

0.82

<0.04

<0.04

rad

P

+

/P
rad' OH

) Values taken at t = 0.4 s
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FIG.3. Plasma current I p , line average electron density ïïe, radiated power Pra£j and
intensities of Fe XVI (336 A) and O VI (1032 A) lines as a function of time for typical L, LP,
D and DP discharges.
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FIG. 6. Radial profiles of OIV, O VIand O VIH lines taken at t = 0.3 s during DP-type
discharges (upper half) and calculated profiles using a simple transport model with
D = 8000 cm^-s'1 (lower half).

(The iron lines were too weak to distinguish between
D and DP). The same effect with respect to the reduction of oxygen can be achieved by evaporating titanium in the divertor chamber in a standard limiter
discharge (LP). (In this case - LP compared to L -,
the plasma contamination by iron is unchanged or occasionally even increases). The concentration of oxygen in the DP discharge is of the order of 10 10 cm~ 3
as deduced by an absolute measurement of the 0 VIII
resonance line (using a proportional counter as
detector).
Radial profiles of O IV, 0 V, O VI and 0 VIII lines
were measured during DP-type discharges. Figure 6 shows
a typical example at t = 0.30 s where the peak values
of T e and n e are 62o eV and 4.4x10 1 3 C m _ 3, respectively.
An attempt has been made to simulate these emission
profiles by using a simple transport code /6/. The
impurity fluxes are assumed to be Tj = -D 8nj/ 8 r and
the source terms are calculated with the measured T e
and n e profiles. The result for a diffusion coefficient
of D = 8000 c m v s is shown in. the figure. The agreement
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in case of 0 VIII is rather good, indicating that there
is also a strong anomalous transport in the core of
the plasma. The comparison for the lower ionization
stages (0 IV and O VI) is less relevant, since n e and
T e could not be measured by Thomson scattering at the
edge of the plasma. The n e profile was extrapolated
from r = 3o cm to the edge so that n e = 3x 1 0 ^ was
reached at 40 cm (separatrix radius) and the electron
density was assumed to fall off in the scrape-off layer
over a characteristic length of 2 cm. If higher densities at the boundary were chosen, an even higher diffusion coefficient would have been necessary to simulate the oxygen profiles.
4.2 Recycling of Hydrogen
To get information about the recycling of hydrogen,
gas puffing was switched off within a few milliseconds
in the stationary phase of the four types of discharges. In D and DP cases the density then drops continuously during the discharge, but goes asymptotically
to a rather large fraction of the initial density in
limiter discharges (L and LP).
For all types of discharges, the decay times derived
from the first slope are rather large (e.g. 0.5 s at
ñ e = 3 x 1o13cm"3, an( j proportional to density, for DP) .
They exceed by far the expected particle confinement
times. It is concluded, therefore, that recycling of
hydrogen is important. Because of the still reduced
pumping speed, a significant fraction of these hydrogen neutrals could penetrate into the main discharge
chamber. This is supported also by measurements of
the CX neutral fluxes during the gas puff and the
density decay phase.
D-type discharges were performed in which the limiter
was in different positions rather close to the separatrix. Hydrogen recycling at the limiter was measured
with a CX neutral analyzer. From these measurements
the e-folding length of the density profile in the
scrape-off layer,A, can be estimated to be A~ 2 cm.
Similar values can be deduced from the TDMS measurements .
The line integral of the density in the divertor chamber was directly measured with a microwave interferometer. It was found that the density integral across
the separatrix, /n e dl, is roughly proportional to
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the mean density of the plasma column, ne. During a
DP discharge /n e dl in the divertor was 10^4 c m -2 while
the mean density of the central plasma was ne =
= 3.5x 1 0 ^ c m ~ 3 . Cut-off indicated a peak density in
the divertor of 1.5x 1 0 ^ c m " 3 . These values are much
higher than one would expect from simple models a s suming free streaming-off of particles lost from the
plasma column.
4.3

Discussion

In L-type discharges strong emission of iron and oxygen radiation is observed. Obviously both impurities
contribute substantially to the radiated power and to
ZeffSpectroscopic measurements show that oxygen can be
reduced by an order of magnitude by activating the
titanium getters in the divertor chambers. (Only about
1 % of titanium enters the discharge chamber during the
sublimation process). Reduction of the oxygen concentration leads to a reduction of the radiated power. The
occasional increase of iron in LP discharges can be
explained by evaporation of limiter material due to
the increased energy flux to the limiter (as measured
by thermocouples), caused by lack of edge cooling.
High Z impurities are obviously released from the
limiter during L and LP discharges. Therefore, retracting of the limiter leads to a substantial reduction of metal impurities.
Thermocouple measurements show that in D and DP discharges only a small fraction - typically 2o % - of
the energy not radiated in the discharge chamber is
found on the neutralizer plates. Since the profile of
energy deposition onto the neutralizer plates is narrow
(the e-folding length is typically about 5 cm, as shown
in Fig.7, corresponding to ~2.5 cm in the divertor
throat) and excludes the interaction of charged particles with material walls elsewhere, it can be concluded that most of the remaining energy is lost inside
the divertor chamber by ionization, radiation and/or
charge-exchange. The rather cold plasma impinging on
an area of ~2 m^ of neutralizer plates probably does
not release impurities.
Switching on the divertor coils does not reduce the
oxygen concentration(comparing D with L or DP with
LP discharges). The increase of oxygen in ungettered
discharges (D compared with L) could be caused by the
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FIG. 7. Energy deposition on the outer neutralizer plates during a 2 s-discharge with pumping
divertor (DP). (The values have to be divided by 2nR to give the energy deposition per unit
area.)

fact that the divertor chambers cannot be efficiently
discharge-cleaned. The lack of divertor efficiency
for reducing oxygen may be explained by a poor shielding efficiency of the scrape-off layer» In spite of a
relatively high probability of ionization for oxygen
in the scrape-off layer impurities can cross the
separatrix because their diffusion time across the
scrape-off layer, T = A2/ D , is comparable to the
streaming-off time into th
the divertor, T = L/v
(With
s.
A - 2 cm and D ~ 8000 cm s"1 according to sections
4.2
and 4.1, L 7rRqa and v s = ion sound velocity.)
The drastic reduction of impurities by the divertor
and by gettering leads to Zeff values of about 1.Since
the ohmic power input drops due to the reduced resistivity, T e decreases to -0.5 keV. This reduced T e explains that the radiated power does not go down by
the same factor as the impurity concentration.
Attempts were made to simulate DP discharges with the
BALDUR transport code using The ALCATOR-INTOR transport model. Preliminary results for a case with a
plateau density n e = 3.4 x 101 3cm""3 gave a reasonable
fit to the electron temperature by assuming either
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n X e ~ 6 x 1 0 1 ^ c m " 1 s " 1 and no impurities, or
n x e ~ 3 x 1 ° 1 7 c m ~ 1 s ~ 1 a n d °' 4 %°Fe in coronal equilibrium, while the observed radiation power would best
fit a case intermediate between these two.
Recycling of hydrogen is strong in all types of discharges. Even in DP cases the pumping speed is still
low, probably resulting in high neutral densities in
the divertor region and significant backstreaming of
neutral gas into the discharge chamber. This would
agree with the large values of /n e dl across the scrape-off measured both during gas puff and density decay
phases, and could explain the large radiation, ionization or CX losses in the divertor region needed to
satisfy the energy balance.
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DISCUSSION
E.S. MARMAR: It appears from your report that even when you reduce
oxygen by a factor of five and iron by a factor of 25, the radiated power
decreases at most by a factor of two. This leads me to ask whether you can
definitely rule out the presence of some other impurity species which might
explain these results?
M. KEILHACKER: Yes, I think we can definitely rule out other species.
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Abstract
SIMPLIFIED POLOIDAL DIVERTOR EXPERIMENTS IN DOUBLET III.
Experimental results are reported on a single null poloidal divertor and on an expanded
boundary configuration produced in the upper half of the Doublet III vacuum vessel. In the
single null poloidal divertor (Part 1), a line-averaged plasma density of up to 8 X 10 1 3 c m - 3
was obtained. Without employing any particular divertor chamber, this simple divertor reduced
the accumulation of metallic impurities and radiative power loss in the main plasma and
improved the energy confinement time. The plasma density in the divertor region increased
non-linearly with the increase of the main plasma density. This was associated with a strong
concentration of hydrogen recycling in the divertor region. High-density discharges also
provided condensed radiative cooling in the divertor region, i.e. high-density diverted discharges
realize remote radiative cooling. In the expanded boundary configuration (Part 2), the
diverted flux was expanded by more than a factor of ten before reaching the vessel wall. The
central radiative power falls by an order of magnitude and a significant amount (~50%) of the
* Research carried out as part of a cooperative agreement between the US Department
of Energy and the Japan Atomic Energy Research Institute, USDOE Contract Nos DE-AT0380ET51019 and DE-AT03-76ET51011.
t On leave from Mitsubishi Atomic Power Industries, Japan.
$ Toshiba Corporation, Japan.
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Ohmic power was radiated in the expanded boundaTy region. Comparison of discharges with
and without the expanded boundary showed: (1) reduction of the influx of nickel and oxygen
impurities by an order of magnitude; (2) reduction of the influx of injected argon by a similar
factor; and (3) that the concentration of argon in a non-divertéd plasma was reduced by a
factor of 10 when the expanded boundary was turned on.

1.

SINGLE NULL POLOIDAL DIVERTOR EXPERIMENTS

(Japan Atomic Energy Research Institute)
1.1.

INTRODUCTION

The poloidal divertor is one of the most promising methods
of controlling impurities and exhausting helium ash in future
tokamak reactors. DIVA [1] and T-12 [2] have demonstrated the
capability of controlling impurities in teardrop-like crosssections with a single null divertor and in elliptic crosssections with two null divertors, respectively. Simplified
poloidal divertor geometries in which the divertor coils are
external to the vacuum region have been proposed for future
tokamak reactor designs. Such geometries would overcome several
technological problems
associated with more conventional
poloidal divertor geometries.
The single null poloidal divertor configuration produced
here in Doublet-Ill is conceived and realized by the JAERI team as
a natural extension of DIVA configuration. It is also a
natural divertor configuration for vertically elongated deeshaped plasmas. In particular, single null divertor configurations are favorable for application in future tokamak reactors
because of their engineering simplicity.

1.2.

PLASMA EQUILIBRIUM

The plasma shaping system for Doublet III and the control
method for dee-shaped plasmas are described in Refs [3] and
[4]. Shown in Fig. 1 are three typical experimentally obtained
configurations which are the result of MHD equilibrium analysis [5]. The separatrix magnetic surface appears inside the
vacuum vessel when Ip/lp exceeds 0.35 where I p is the plasma
current and 1-Q is the divertor current defined as the sum of
currents through shaping coils 1A and IB. For Ip/lp = 0.58,
the distance between the separatrix magnetic surface around the
main plasma and the limiters is more than 7 cm, and the horizontal and vertical radii of the plasma cross-section inside
the separatrix magnetic surface are 39 cm and 51 cm, respectively (elongation of 1.32).
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FIG.l. Non-diverted and diverted single null plasma equilibria. Small rectangles are shaping
coils; solid line between plasma and shaping coil represents limiter location. Three typical
plasma equilibria are shown: (a) non-diverted; (b) diverted, I D /I = 0.39; (c) diverted,
l
nflp ~ °-5S- In tne averted discharge o / I D / I p = 0.58, the separatrix magnetic surface
around the main plasma separates from the limiter by more than 7 cm. B T = 20 kG,
I p = 320 kA.

(a)

(b)

(c)

FIG.2. Tangential plasma TV observations at wavelength between 4000 Â for discharges
shown in Fig.l: (a) non-diverted; (b) diverted, I D / I p = 0.39; (c) diverted, I D / I p = 0.58;
(d) inside view of vacuum chamber by TV. Location of intersection of the separatrix
magnetic surface and the inside wall in Fig.l(c) is indicated.
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Figures 2(a) through (c) show the TV observations [6] in
the discharges corresponding to Figs 1 (a) through (c). The
inside view of the vacuum chamber is shown in Fig. 2(d). In
the non-diverted discharge, the TV shows that the plasma intensively interacts with the inside, outside and top limiters. In
the marginally diverted discharge of Fig. 2(b), plasma-limiter
interaction is decreased, particularly on the inside limiter,
and the bright light appears on the inside wall near the midplane of the vacuum chamber. In Fig. 2(c), the visible light
from the plasma periphery decreases significantly, and an
intensive light appears on the inside wall at the intersection
with the separatrix magnetic surface.
1.3.

IMPURITY CONTROL BY THE DIVERTOR

Preliminary results of impurity control by the divertor
were presented in Ref. [7]. In that work, it was shown that
the influx of the gaseous and metallic impurities to the main
plasma is reduced with the increase of Ij)/Ip, because the distance between the separatrix magnetic surface and limiter
increases and the plasma-limiter interaction near the main
plasma is reduced. A more detailed study was done in the
experiment reported here, in which titanium gettering covering
averaged 0.2 monolayer on the wall and limiters are employed
between shots. The VUV measurement and an Auger surface composition measurement indicate that nickel is still the dominant
metallic species.
Reduction of the influx and accumulation of nickel impurity by divertor is observed as shown in Fig. 3, where NiXXI
95.9A and NiXI 148.4A (both An = 0 transitions) line emissivities in the radial chord of the main plasma with and without
divertor are compared. The line-averaged electron density rTev
measured by a CO2 interferometer in a vertical path at R = 148
cm was taken as the ordinate. Because of the vertical elongation, ~iïev is-"1.5 and~1.2 times larger than the actual lineaveraged density for discharges with and without divertor. An
impurity transport code calculation [8] shows that the peaks
of the radial distribution of NiXXI and NiXI stay at the plasma
center and at the outer edge slightly inside the separatrix
magnetic surface, respectively. Therefore, NiXI line emission
is proportional to the intensity of the nickel influx into the
main plasma, and NiXXI intensity divided by electron density
presents the accumulation of NiXXI in the plasma center.
The large influx and accumulation of nickel in nondiverted low electron density discharges (ïïe < 3 x 10*-* cm""^)
can be attributed to high electron temperature at the plasma
edge which is thought to cause severe ion sputtering on the
limiters [9]. In non-diverted, high-density discharges (n e > 3
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TABLE I
PLASMA PARAMETERS WITH AND WITHOUT SINGLE NULL DIVERTOR
(a)
DIVERTED

[X10

24

355

330

500

455

1.6

1.5

5.5

5.1

0.8

1.4

1.6

1200

1.2
950

790

830

1.8

u

v £ fv]
z

eff

T
Ee

NONDIVERTED

24

-3cm

Te(0) [eV]

DIVERTED

20

Ip ikA]
ñe

NONDIVERTED

20

B T [kG]
13

(b)

[msec]

POH ftW]
Pr fkW]

3.0

1.1

1.7

41

28

31

30

284

386

700

714

170

300

250

530

Note: V e = plasma loop voltage; P Q H = Ohmic input power; Pr = total radiation loss power.
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FIG. 3. Comparison of Ni XXI95.9 A
(An = 0 transition) and Ni XI 148.4 A
(an = 0 transition) line emission for
discharges with and without divertor
at 600- 700 ms in discharges of
900 ms duration. The accumulation
of Ni XXI density (Ni XXI 95.9 A
line intensity divided by electron
density) in the plasma centre is
suppressed to an extremely low level
in high-density diverted discharges.
I D /Ip = 0.5 for diverted discharge.

x 10 1 3 cm""3), the influx of nickel is suppressed due to low
edge temperature. On the other hand, in diverted discharges,
the accumulation of nickel is reduced by a factor of more than
ten compared to that of well-tuned non-diverted discharges.
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The plasma characteristics for discharges with and without divertor are compared in Table I. Besides the information
shown in the Table, in a low-density discharge of ( a ) , the
radiative power loss is strongly peaked in the plasma center
for non-diverted discharges, while the divertor reduces the
radiation from the plasma center by a factor of 3. The effective ionic charge Z e ff is also reduced. The divertor improves
the gross electron energy confinement time T g e (= electron
energy content/ohmic input power) as the result of reducing
the radiation loss in the plasma center. In the high-density
regime, the energy confinement times for both discharges are
almost the same because the radiative loss in the central
region of the plasma is controlled to a non-dominant level even
without the divertor.
A pulsed argon gas iniection during discharge was used
to study the impurity shielding function of the divertor [ 1 0 ] .
Using the same amount of argon injection into discharges of
He
= 2.6 x l O 1 ^ cnf"3 both with and without divertor, it was
shown that the divertor reduces the argon contamination by a
factor of 2 to 3.
1.4.

CHARGED-PARTICLE EXHAUSTING AND REMOTE RADIATIVE COOLING

A non-linear increase of density in the divertor region
with the increase in the main plasma density was observed as
shown in Fig. 4, where the line-averaged density at midplane
ñ o ,. is measured as a function of the density in the main
in id

plasma n e . The density measurements in the divertor region
are not
availableproblems.
in the high-density regime because of microwave
refraction

FIG.4. Line-averaged electron
density in divertor region versus
line-averaged density in main
plasma. Densities are averaged
with distance between limiters:
£ = 94 cm for ÍL and 9. = 67 cm
_

fi e u p (x10 13 cm" 3 )

up

for nejni(j The density in the
divertor region increases non-linearly
with increase of density in the main
plasma.

Hydrogen recycling in the divertor region increases nonlinearly with the main plasma density. H a line emissions in
the horizontal chord in the main plasma and in the midplane are
plotted to n e as shown in Fig. 5. Recycling in- the divertor
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(x10 13 cm - 3 )

373

FIG.5. Comparison of intensities
¿>/Ha line emission from divertôr
region and main plasma versus
line-averaged density of main
plasma. Concentration of
hydrogen recycling in the diver tor
region increases non-linearly with
increase in main plasma density.

region is a factor of 9 and 30 larger than that in the periphery of the main plasma at n e = 3 x \0*-~> cm""-* and 9 x 10*-*
cm~3 respectively. Comparison of Ha intensities from limiters
and wall shows that the intensity of recycling on the inside
wall is almost uniform in the toroidal direction. A tangential
TV observation of the divertor region with HQ¡, filter shows that
the H a line emission is strongly located on the separatrix magnetic surface near the inside wall.
No difference in the accumulation of hydrogen recycling
at the divertor region was observed with gas puffing of up to
10^2 particles/sec from the top or bottom (divertor region) of
the main plasma during the discharge, which corresponds to the
particle replacement time of the main plasma o f ~ 3 0 msec.
Therefore, the presence of high plasma density and strong recycling in the divertor region is caused by the particle transport property of the diverted plasma. The non-linear increment
is probably caused by a reduction of the attenuation length of
neutral hydrogen particles produced on the wall with the
increase of plasma density in the divertor region. The localization of recycling is therefore expected to become much
stronger in larger devices.
The remote radiative cooling at the divertor region in
the high-density diverted discharge was observed. Figure 6
shows the comparison of vertical distribution of radiative loss
power from the top, center and bottom of the plasma column in
discharges with and without divertor. In the non-diverted discharge, the radiation from the main plasma increases with the
increase in density. It stays almost constant in the diverted
discharge, while the radiation cooling in the divertor region
increases with the increase in the main plasma density. In the
high-density regime, the radiative cooling power in the divertor region reaches almost half of the power radiated from the
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FIG,6. Comparison of vertical distribution of radiative cooling power in discharges with and
without divertor versus main plasma density. In diverted discharges, the radiative cooling
power in the divertor region increases with increase of main plasma density, while the radiative
cooling power in the main plasma stays almost constant. I = 320-500 kA; B T = 20-24 kG.

main plasma, although the bolometer channel, looking into the
bottom of the main plasma does not include the entire divertor
region.

2.

EXPANDED BOUNDARY EXPERIMENTS

(General Atomic Co.)
2.1.

INTRODUCTION

In the expanded boundary configuration, proposed by
Ohyabu [11], the outermost flux surfaces of the plasma are
magnetically expanded into the divertor region. This magnetic
expansion is intended to reduce the power loading on the
divertor plate, both due to the geometrical expansion and by
encouraging radiative cooling in the divertor region.
2.2.

MAGNETIC CONFIGURATION AND CONTROL

Elliptical plasmas (b/a =¿1.3) with and without an
expanded boundary were produced in the top half of the Doublet
III vacuum chamber (Fig. 7 ) . The expanded boundary is established by increasing the poloidal flux ^ (=<!>/2ir) linking coils
IB, 2B, 6B and 7B relative to that linking coil 8A. Additional
control of the flux on coils 1A and 6A results in further
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expansion of the boundary layer and maintains vertical stability of the discharge.
The control circuits for the boundary expansion coil
power supplies were arranged to cause ^ig» ^2B an<* ^73 t o
follow ^ 6 B » which serves as the master control parameter in
determining the magnetic configuration. The value of ij^g can
be dynamically programmed, allowing the experiments in which
the boundary is turned "on" or "off" during a single discharge.

2.3.

EFFECT OF EXPANDED BOUNDARY

Increasing ^gg results in a significant change in the
discharge characteristics, as shown in Fig. 8. The H a hydrogen
recycling light shifts from the normal limiters at the upper
plane to the midplane and lower half of the vessel. Simultaneously, the midplane line-average density rises and the loop
voltage drops. The transition occurs at i>^ - 65 mV-sec, which
corresponds to the separatrix barely touching the limiter. For
the expanded boundary "on" case (^53 = 80 mV-sec), the plasma
is separated from the normal limiters by about 4 cm, and the
limiter recycling light virtually disappears. Bolometers viewing the central and expanded boundary regions of the discharge
show a decrease in the central radiation and an increase in the
expanded boundary region radiation. Photographs of the plasma
show that the H a recycling light is diffused over a large area
of the lower vessel.
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FIG.8. Effect of \p6B on the discharge characteristics. The expanded boundary is established
for \}/6B^ 65 m V-second.

The width of the transition region from boundary "off" to
"on" indicates that the scrape-off layer is about 2 cm thick.
It is necessary to divert at least this much of the plasma for
the expanded boundary to be effective.
Reflux of hydrogen is reduced with the boundary on. The
time constant for the density to decay with no injected gas
drops from 600 msec with boundary "off" to 300 msec with
boundary "on". The injected gas must be increased by a factor
of 2 to maintain equal steady-state densities for the "on" and
"off" cases.
Parameters of similar plasmas with and without the
expanded boundary are summarized in Table II. The principal
effect of the expanded boundary is to reduce the central radiation power, Z e ff, and the loop voltage. Approximately 50% of
the total ohmic input is radiated in the expanded boundary region.
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TABLE II
PLASMA PARAMETERS FOR EXPANDED BOUNDARY
Boundary
OFF
1.4

Vloop 00
Ip (kA)

360

1.0
360

B T (T)

2.0

2.0

q (0)

1

1

Te(0) (keV)

1.0

1.0

Ti(0) (keV)

0.4

0.4

Zeff(O)
ñ e (10 13 cm"3 )

3.2

2.1

2.2

1.9

x Ee (msec)

24 ± 8

28 ± 8

35 ± 12

39 ± 13

0.12 ± 0.04

0.01 ± 0.01

0.75 ± 0.15
—

0.44 ± 0.1

a

Tge^ ^ (msec )
Prad (0) M 'cm )
Prad (b) /I p • loop
Prad
a

c

2.4.

Boundary
ON

(c)

/Ip '

loop

0.5

Assumes T¡(r) = 0.4 Te(r).
Inside last closed flux surface.
Boundary region.

IMPURITY EFFECTS

Waveforms for typical boundary "on" and "off" discharges
are shown in Fig. 9. The expanded boundary reduces the influx
of naturally occurring impurities. Turning the expanded boundary "on" reduces the influx of oxygen, monitored by the intensity of OV (193 A), and both the influx and ultimate concen-o
tration of nickel monitored by NiXI (148 A) and NiXVII (249 A).
Artificially injected argon gas shows a similar effect.
Here a short (~5 msec) puff of argon is injected at t = 500
msec. Without the expanded boundary, the intensity of the 354-;
Ar XVI line reaches a constant value after 30 msec. With the
expanded boundary on, the initial peak of the Ar line falls by
a factor of 3, and the steady-state value falls to about 1/10
of the boundary-off steady state.
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The shielding effect is independent of the quantity of
argon injected. With boundary off, the maximum amount of argon
that the plasma could tolerate without disruption was 6 x 101'
particles, compared with 1.9 x 10*° for boundary on. The
absolute amount of argon in the plasma can be estimated from
soft X-ray line radiation intensity measurements. The ultimate
argon concentration with boundary off and on corresponds,
respectively,to about 50% and 10% of the total argon injected.
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However, the uncertainty in the absolute calibration is at
least a factor of two.
The concentration of argon present in a normally limited
plasma is reduced after the boundary is turned on (Fig. 10).
Here a 5-msec-duratlon Ar puff at t = 250 msec preceded the
turn-on of the boundary by 120 msec. With boundary off, the
steady-state Ar XV line intensity rises in proportion to the
electron density. Turning the boundary on causes an immediate
reduction in the Ar XV intensity, which ultimately falls by an
order of magnitude.

3.

CONCLUSIONS

Stable single null poloidal divertor equilibria have been
obtained in the upper half of Doublet III. Even though no
divertor chamber is employed, this simple divertor reduces the
influx of metallic impurities into the main plasma. In particular, in high-density diverted discharges, the accumulation of
metallic impurities in the main plasma is suppressed to an
extremely low level compared to that in a well-tuned high-density
non-diverted discharge. The plasma density and the intensity
of particle recycling in the divertor region both increase
non-linearly with an increase in the main plasma density. In
high-density discharges, recycling of hydrogen is strongly concentrated in the divertor region. High-density discharges also
provide remote radiative cooling of the heat exhausted from the
main plasma in the divertor region.
Expanded boundary equilibria have also been obtained in
the upper half of Doublet III. This magnetic configuration is
stable and reproducible. The observed plasma behavior in the
areas of impurity shielding and particle recycling are similar
to those found for the single null poloidal divertor configuration described above. The central radiative power falls by an
order of magnitude, and significantly enhanced radiation from
the expanded boundary region is observed. The configuration
has been shown to be effective in exhausting a large quantity
of injected argon from the plasma core into the boundary
region; an important feature for both radiative cooling of highpower discharges and impurity pumping.
These results indicate the following potential advantages
in employing either of these simplified poloidal divertors for
future large tokamak reactors: 1) reduction of heat loading on
the divertor plate by radiative cooling in the divertor region;
2) exhausting of helium ash by the enrichment of the ash in the
divertor region [12].
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Abstract
INERTIAL-CONFINEMENT FUSION RESEARCH USING RELATIVISTIC-ELECTRONBEAM (REB) GENERATORS.
An overview of inertial-confinement fusion research using REB generators is given.
Special emphasis is placed on REB energy concentration, electromagnetic-liner driving and
reactor problems in a future utilization of micro-explosion energy.

1.

INTRODUCTION

The main goal of inertial-confinement fusion to-day is to experimentally
demonstrate high-gain target micro-explosion feasibility. This implies building
expensive demonstration facilities, which, as a consequence, somewhat slows
down the pace of progress and encourages the search for optimum drivers.
Power drivers of less than 100 ns pulse duration are generally considered to be
the cheapest and most efficient. Their technology is basically simple and well
enough developed to start building demonstration facilities immediately. Such
facilities are several times cheaper than lasers and heavy-ion accelerators.
To use electric-power generators for target heating, one needs to find a way
of energy concentration and to choose and physically assess appropriate methods
of converting the concentrated energy into D-T piston compression energy [1].
Analysis shows that the power drivers as well as energy transport and
concentration systems would be the same for various target-heating schemes.
This makes power drivers rather versatile and compatible with interchangeable
fusion fuel-heating techniques.
At present, laboratory research is mainly concerned with ablative piston
acceleration involving electric energy conversion into focused short-pulsed
electron or light-ion beams. Recently, research work on electrodynamic liner
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acceleration driven by nanosecond-range electric-power generators was started
in the USSR, as proposed by the authors of Ref.[2], as well as in the USA.
The Angara research programme at the Kurchatov Institute of Atomic
Energy, using electric-power drivers is oriented towards the demonstration of
target ignition feasibility by means of E-beams or current-driven liners. These
two approaches seem to us to be best understood (i.e. E-beams) and the most
efficient (i.e. electrodynamic liner acceleration) methods. The basis of the
programme is the multi-module Angara-5 machine with 5-MJ final output energy.
Figure 1 presents the programme logic.
The initial scheme of high-current E-beam transport via plasma channels
with subsequent beam focusing towards the target seems to be handicapped by
the high beam emittance at the diode output. The main feature of the Angara-5
experiment consists in the direct electric connection of the power driver to the
target via appropriate transmission lines. The transmission liner will, indeed, be
partly destroyed at each shot, but for single-shot experiments this is of minor
importance. Simultaneously, some non-contact energy transfer methods are
being developed.
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As was reported previously, one experimental module of 'Angara-5' (100 kJ
per 90 ns shot) has been assembled and is being launched. Up to date, 0.25-nominalpower pulses with 40 kJ total output energy have been produced. According to
design specification and test results on the main module systems, we can hope to
have a 100-kJ output energy by the end of this year.

2.

REB ENERGY CONCENTRATION

The main scheme of energy supply to the target was chosen so as to use
energy concentration of electric pulses passing along magnetic self-insulation
vacuum transmission lines (VTL). In the beam-driving variant, the energy from
the line output is transferred to the electron beam produced in the butt-on end
diode. The beam heats the diode anode, representing the outer target shell. The
success of this approach depends on the solution of problems of VTL energy
transport, on REB self-focusing in the diode, and on heating foils thinner than
the classical electron range in matter. The experiments carried out both in the
USSR and the USA [3,4] have demonstrated the high efficiency of energy transport along VTL's. The main losses occurred at the wave front and represent less
than 10 per cent of the energy, in cases of practical importance. The power
fluxes in excess of 1011 W • cm"2 achieved at present are close to the required
level.
Triton and Angara-1 experiments have provided 200—300 kA, 1-MeV
E-beam self-focusing, the power flux reaching the required level [5,6].
Because of the lack of reliable scaling laws, it is necessary to test the diode
in full-scale 1-MA-per-beam conditions.
The anomalous focused-beam energy deposition to the anode-foil plasma
found experimentally in Refs [6,7] provides the option to control the beam
energy deposition rate over a wide range, thus facilitating the beam-focusing and
total-energy requirements. Recently, some new theoretical and experimental data
on this subject have appeared. The interpretation of this effect is that relativistic
electrons should be magnetized in the anode-bound plasma in case the collision
frequency is much below the cyclotron frequency, i.e. Oc/co He ) <ÍC 1. This
condition can hold in the widely-expanded, exploding-foil plasma with the beam
magnetic field already having penetrated into it. The analysis of the magnetohydrodynamic equations describing the relativistic electron gas flow with a gas pressure
of p = 7nmc 2 /3, with due account of finite conductivity and finite beam current,
results in a specific-energy deposition increase by a factor of 3 J/(2 J A ) [8]. The
phenomenon was experimentally confirmed by the Angara-1 results with 150 kA
current, 0.9 MeV diode voltage, and 5 MA • cm"2 current density [9]. The
plasma temperature time dependence measured by vacuum ultraviolet probes
was found to be in agreement with theory Similar results have been reported by
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a French team [ 10]. The recent Mirage experiments [11] with 200-kA beam
current, a beam current density of 10 MA • cm"2, and 0.8 MV voltage provided
data that are also in good agreement with the calculations.
3.

ELECTROMAGNETIC-LINER DRIVING

In laser and particle-beam experiments, sheaths are being accelerated by
thermal ablation. This is a comparatively low-efficiency (10%) procedure since
most of the energy is carried away as thermal and kinetic energy of the outward
expanding ablator material. Therefore, it looks attractive to drive a cylindrical
liner by making use of the liner-carried-current magnetic pressure. In this case,
a 50—70% efficiency is to be expected.
The REB generator provides electric pulses shorter than 10"7 s. However,
up to several years ago, it seemed impossible to use it for driving liners of less
than 1 cm in size. In fact, one has to supply 106 J in 10"7 s to a 1-cm-long,
1-cm-radius cylinder, representing a 2-cm inductivity load. The current should
be about 30 MA at a voltage of about 1 MV. The resulting electric field of up to
MV • cm"1 creates serious troubles that are difficult to overcome by using solid
insulators, the troubles being due to flash-over at the insulater-liner interface.
Recent progress in the understanding of magnetic self-insulation VTL physics
has provided an option of using REB-generator-type power drivers in this domain.
Pulse shortening has evident advantages since the amount of energy necessary
to accelerate the liner up to a given velocity is proportional to T 3 , the power being
proportional to r 2 . Owing to the high efficiency of the electrodynamic acceleration, one may hope to achieve D-T ignition at the 1-MJ energy level by using a
10"7-s pulse.
The disadvantage of this acceleration method arises from the fact that it is
two-dimensional. The transition from two-dimensional to three-dimensional D-T
compound compression would require creating special gas-dynamic compression
conditions at the cost of an inevitable energy transfer efficiency loss.
Magnetic-pressure liner acceleration looks quite logical in the framework of
the inertial-confinement fusion programme developed at the Kurchatov Institute
of Atomic Energy. It represents the outcome of the following two branches of
research: the magnetic-driven-liner programme and the REB research resulting in
the concept of energy transport from a REB generator to the target along
magnetic-self-insulation vacuum transmission lines.

4.

REACTOR PROBLEMS

The choice of magnetic-self-insulation vacuum lines as a means of energy
concentration (towards a target or a liner) substantially affects micro-explosion
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FIG.2. Non-contact energy transfer
scheme. MITL = magnetic self-insulation
transmission line.

energy confinement (and, in the long run, energy utilization) options. Each shot
will destroy part of the energy concentrator system, turning its material into
additional plasma, gas or condensed matter and, consequently, enhancing the
momentum transfer to reactor chamber walls and accelerator module output
units, as compared with the momentum carried by the D-T target micro-explosion
products.
Hence, the following measures are necessary in the furtherance of present
micro-explosion experiments and future micro-explosion energy utilization:
(a)

Protection of accelerator output systems from micro-explosion-produced
damage;
(b) making the shot-destroyed parts of the energy concentrator, i.e. the target
unit, sufficiently cheap;
(c) development of methods of fast electric connection of the target unit
to the accelerators or, alternatively, a non-contact energy transfer method.
One of the possible non-contact energy transfer schemes can be described
as inside-diode electron-acceleration high-current REB passage through plasma
towards an inverse diode [12]. Electrons impinge on the inverse-diode cathode
after having penetrated through the anode foil and having passed the anodecathode gap. The cathode which receives the electron electric charge is connected
to a load via a magnetic-self-insulation VTL as shown in Fig.2. So, the REB energy
is converted into electromagnetic energy, the latter passing along a magnetic-selfinsulation VTL, being concentrated on the way and finally brought to the target.
Experiments at the SOM-M facility (300-keV, 100-kA, 70 ns electron beam)
have demonstrated a 40%-efficient inverse-diode REB energy conversion into
electric power at either 1.3—3.6-Ohm-resistive load or inductive load.
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Between the accelerating and the inverse diode there was a 200-mm-long
drift space with gas at a pressure of 1—5 torr. Both diodes and the drift space were
in a 5-kG magnetic field. The main source of energy losses in intercepting the
REB by the inverse diode is the large angular and energy spread of high-current
REB electrons. The inverse diode would intercept ion beams more efficiently
since they have lower emittance than electron beams of equal power level.
By bunching the ion beam, the inverse-diode input power could be increased,
which is indeed an additional advantage.
Should the fusion gain be high enough, i.e. Q = 10 3 , the relative energyconcentrator partial-destruction cost would become insignificant. For such fusion
gains, a P = 106 W hybrid fusion-fission reactor with a v = 0.1 cycle • s"1 repetition
rate becomes economically reasonable [13].
To ensure and efficient protection of the reactor-chamber first solid wall
and to guide energy into the target unit, the project provides a liquid-metalblanket magnet. The blanket magnet has the double scope of generating the
REB guide magnetic field and of efficiently moderating the fusion neutrons [14].
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DISCUSSION
W. BOSTICK: Have you considered transporting and focusing the electron
beam by propagating it through a gas at about 1 torr?
V.P. SMIRNOV: In our early experiments, we did not get effective beam
transport and focusing with v/y <ï 1 at p ~ 1 torr.
C. YAMANAKA: You have two ways of studying inertial-confinement
fusion: REB for pellet and REB generators for liner compression. Do you have
any plans to use ion beams for pellet compression in view of the fact that REB
seems not to be promising for this purpose because of the pre-heating?
V.P. SMIRNOV: We are currently considering the possibility of using ion
beams for energy transfer in a reversed-diode arrangement. Pre-heating requires
more complex target designs, and this can reduce the overall efficiency of REB
for target heating.
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Abstract

PARTICLE-BEAM-DRIVEN FUSION RESEARCH AT ILE OSAKA.
Inertial-confinement fusion driven by charged-particle beams seems to be highly feasible
owing to its efficient generation of beams, good energy deposition and cost effectiveness of
the drivers. The current issues to be investigated are: driver technology including pulse power
technology, beam generation, focusing and propagation, interaction of beams with solid target,
and implosion dynamics. - For driver technology, Reiden IV, a 1012-W, 100-kJ machine with
a characteristic impedance of 1 Í2, has been completed. The diode developments of the
relativistic electron beam (REB) and the light-ion beam (LIB) were achieved by using Reiden III
in order to obtain design data of the diode to be installed in Reiden IV. - The beam/solid-target
interaction has been studied intensively with REB and has started to be studied with LIB on
Reiden III and IV. The model of enhanced deposition of REB energy on the low-Z target
has been supplemented by new experimental data, which show the possibility of efficient
implosion, by REB, of pellets with a low-Z ablator. The interaction experiment using highcurrent-density LIB has been initiated on Reiden IV. — Simulation studies of pellet implosion
by LIB have been carried out to investigate the required conditions for breakeven and to
optimize pellet structure and beam parameters. The results show the feasibility of the LIB
inertial-confinement fusion at the power level of the extension of Reiden IV technology, which
has been designed to be one module in the large system of MJ output.

1.

INTRODUCTION

Inertial-confinement fusion (ICF) research at the Institute of Laser
Engineering (ILE), Osaka University, has been performed by lasers and also by
particle beams such as the relativistic electron beams (REB) and the light-ion beams
(LIB). ICF research by lasers is reported in Ref.[l ]. Here, only REB and LIB
fusion research is reported. The main lines of investigation are development of
beam technology, beam-target interaction, and implosion dynamics.
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DEVELOPMENT OF BEAM TECHNOLOGY

Reiden IV, a 10I2-W, 100-kJ machine with a characteristic impedance of 1 Í2,
was constructed to develop the pulse power technology for a particle-beam fusion
driver and to perform interaction and implosion experiments in a power region
higher than that provided by Reiden III. Figure 1 is a schematic diagram of
Reiden IV. It consists of a Marx generator with 150 kJ at 2.5 MV, an intermediate storage capacitor with a water co-axial line and a tapered transmission
line connected to a diode. The charging polarity could be changed so as to be
suitable for both REB and LIB. In REB operation, the voltage rise-time was
20 ns, the rate of current rise was 2 X 1013 A • s"1 in the diode, and the electron
beam conversion efficiency from the initial energy was about 50% at an output
voltage of 1 MV. The jitter of the total system, which is the key issue for the
multi-beam operation of a larger system, was less than 50 ns. The experiments
for full power operation up to 1.4 MV are continuing.
Beam diodes of various types have been developed for REB and LIB. For
REB, a conical diode had excellent performance characteristics: high efficiency
with low loss current due to the ion flow and reproducible strong focusing [2].
A focusing efficiency of 80% was achieved at the current peak which was concentrated onto the target. The diode characteristics correspond to the parapotential model.
Ion beam diodes of self-magnetic and external-magnetic-insulation type were
tested in Reiden III to evaluate its features and to obtain design data for a larger
diode to be installed in Reiden IV.
Performance parameters such as ion beam current, ion energy, ratio of ion
to electron current, ion emittance of anode surfaces of various types, and ion
beam divergence were investigated [3].
An ion current density of 1 kA • cm"2 on anode was obtained by a pinchedelectron-beam diode; the ratio of ion to electron current as a function of the
aspect ratio was consistent with the theoretical model [4, 5]. On the magnetically
insulated diode, an ion current density of 50 A • cm"2 was obtained by improving
the anode surface structure. The ion beam emission was initiated 40 ns after
the voltage pulse rise. The epoxy flash-over on the anode surface was observed
by an UV camera. When the applied magnetic field increased, more uniform
surface plasma was created on the anode. The insulation effect of the external
magnetic field, the behaviour of the ratio of the ion current to the electron loss
current as a function of the B-field strength, and the dynamics of the anode
plasma were studied. The current density J^ was proportional to V2-8, where V
was the applied voltage. This fact implied the formation of a virtual cathode
reducing the effective anode-cathode spacing for higher ion flow. The divergence
of the beam, which has strongly affected the focusability of the beam, was
measured to be 2°.
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INVESTIGATION OF COUPLING

Coupling experiments between REB and target were performed by using
the conical diode in Reiden III, with focused-beam parameters of 600 kV, 100 kA,
100 ns pulse length, and 5 X 1012 W • cm"2 power density. Thin-foil targets of
5 — 300 (im thickness, of polyethylene, gold, tantalum and nickel, were used.
The dynamic behaviour of the targets was observed by optical interferometry
and shadowgraphy using four-channel N2-lasers. Figure 2 shows the experimental
set-up. Charged particles and X-ray images emitted from the target were
measured simultaneously for comparison with optical measurements.

monitor

x_ra

y pinhole
camera

FIG.2. Experimental set-up of Reiden III.

Figure 3 shows the dynamic behaviour of plasma expansion when thin foils
of high-Z target were irradiated by focused REB from the left-hand side. The
expansion mode showed a completely different dependence on the thickness of
the target foils. When foils thinner than the characteristic classical range of
electrons of 0.03 g • cm"2 were used, the plasma expanded symmetrically to the
front (REB) and rear sides as is shown in the case of a 5-¡im Au target in Fig.3.
For a thicker target of 50-//m Au, the plasma expanded initially on the front side
and started expanding on the rear side only after a certain amount of time.
Interferometric measurements showed that, in the latter case, the rear side still
remained in a cold state. These results show the features of explosive and ablative
mode behaviour of the foil target. When, however, low-Z targets were used, the
target behaviour still remained to be in the ablative state, even for a target thinner
than the above-mentioned range. Typical shadowgraphic results from low-Z
targets are shown in Fig.4, with the x-t diagram of plasma expansion to the front
and rear sides. The delay time of the target motion between the front and rear
sides implied the existence of a transfer time of the thermal wave from the absorption
region to the front surface.
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FIG.3. Results of shadowgraphic measurements in the case ofhigh-Z targets. Asymmetric
behaviour is due to ablative, symmetric one to explosive mode.
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The rear-side velocity, v, which was derived from the shadowgraphic measurements, is shown in Fig.5 as a function of pt, for various types of targets. It
shows ablative behaviour (v « (pt)"1 ) in the region of pt larger than 0.03 g • cm"2
for high-Z targets and at any pt for low-Z targets, where p is the mass density
and t the thickness. In the explosive mode, the rear-side velocity becomes constant
for constant deposition rate of the beam energy, which corresponds to a region
of pt below 0.03 g • cm"2 for the high-Z target. The X-ray images also showed a
volume deposition of the beam energy in the explosive mode and a surface
deposition in the ablative mode, which are shown also in Fig.5 in a comparison
with optical results.
These results were quite well interpreted in terms of a beam-corona coupling
model as being due to a plasma instability in the low-Z target and to its damping
by electron-ion collisions in the high-Z target; investigations were carried out
theoretically, including the collisional effect in a quasi-linear model [6].
When a double-layered target composed of low-Z ablator and high-Z pusher
was used, a two to four times higher velocity was obtained than in the case of a
single-foil target. This fact might imply a higher efficiency of the implosion.
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The experimental results were compared with a 1-D hydrodynamic simulation code involving classical deposition and using a Monte-Carlo method for
the high-Z target and anomalous deposition in the low-Z target as is shown in
Fig.6.
From the experiment, the coupling and the hydrodynamic efficiencies were
estimated to be 80 and 20%, respectively.

4.

IMPLOSION DYNAMICS

A one-dimensional Lagrangian hydrodynamic code ('B-LIB code') was
developed to study the implosion, ignition and burning processes and to examine
the breakeven condition and optimized structures of high-gain pellets for LIB
fusion. It is also used to analyse the experiments on Reiden III and IV. The
'B-LIB code' has been modified from the one-dimensional codes HIMICO [7]
and EXPLOD [8], which have been developed and used at ILE to study laser
implosion and ignition. In this code, radiation transport, ionization, classical
energy deposition of LIB and a-particle trapping were included. The angular
and energy distributions of the incident ion beam were also included.
The implosion and'ignition of an Au-shell target with gaseous DT fuel have
been simulated for a proton energy of 10 MeV and peak powers of 33, 50,
100, and 200 TW with a Gaussian waveform of the constant total energy of
2.1 MJ. The pellet gain (total fusion energy/LIB energy) as a function of DT fuel
pressure is shown in Fig.7 for optimum shell thickness AR [9]. The inner target
radius was fixed at 2.16 mm, and the filling-gas pressure was changed from 1 to
200 atm (T = 300 K). The neutron yield was maximum for a beam peak power
of 50 TW.
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FIG. 7. Pellet gain as a function of fuel mass for optimum shell thickness. The total beam
energy is 2.1 MJ, and the waveforms are Gaussian.
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FIG.8. Ion temperature versus pR for DT fuel.

The ion temperature T¿ versus pR of DT fuel is plotted in Fig.8 at the
maximum of the gain curve of the various waveforms in Fig.7. The fuel was
compressed and heated by a shock in the initial phase and then compressed
almost adiabatically with T¡ ~ nj~ (y = 5/3). Self-burning occurred in the final
stage when the fuel temperature reached about 4 keV.
In our investigation, the largest pR value was obtained with a beam power
of 50 TW. In this case, fuel shock heating was less efficient than heating caused
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by higher power irradiation with a short pulse. The fuel remained colder,
under efficient compression to higher pR, than in the other cases. This fact
implied that a suitable rise could lead to an effective compression of the fuel.
The spread in incident angle and particle energy decreased the pellet gain by an
increase in the deposition region and a disappearance of the sharp Bragg peak
in the deposition profile.
Detailed investigation aiming at an examination of the optimized structure
of high-gain pellets, as well as of energy and power optimization and tailoring,
are continuing. Simulation codes for beam transport and particle trajectories
were also developed in order to determine the requirements to be met by the
system for obtaining a suitable pulse waveform.

5.

CONCLUSIONS

The pulse power technology for the construction of a MJ-system based on
the 100-kJ machine Reiden IV has been developed. The coupling of particle
beams has been investigated extensively, and the anomalous deposition of REB
on low-Z targets has been shown to be effective in the foil acceleration in the
ablative mode.
The feasibility of LIB ICF has been examined by pellet implosion simulation,
and experimental research on LIB generation and the coupling to the solid
target has been initiated on Reiden III and IV.
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DISCUSSION
G. YON AS: What was the ion kinetic energy in your implosion simulation
and have you carried out implosion calculations based on enhanced electron
deposition?
S. NAKAI: The ion energy was 10 MeV, but we also examined the effect
of an energy spread. We have not simulated pellet implosion by REB because
of the complicated absorption and transport phenomena involved: these need
first to be investigated in more detail.
S. MERCURIO: Did you detect fast ions, fast electrons and self-generated
magnetic fields in the laser-foil interaction? If so, did you take them into
account in modelling the anomalous deposition which you found in the
'low-Z/REB' interaction?
S. NAKAI: Yes, we did observe high-energy particles in the laser-target
interaction. The anomalous slowing-down of high-energy electrons is one of the
most interesting topics in laser fusion and one which is being investigated
experimentally and theoretically. I refer you to paper CN-38/B-3 in this volume,
by C. Yamanaka et al.
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Abstract
PROGRESS AT NRL AND CORNELL IN LIGHT ION BEAM RESEARCH FOR INERTIALCONFINEMENT FUSION.
Proof-of-principle and scaling experiments for light-ion-driven inertial-confinement
fusion are in progress at NRL. Important advances have been made in the areas of ion production with pinch-reflex diodes and of beam focusing and transport. At Cornell,
light-ion beams of Li +1 , B+1 and C+1 have been produced and work on producing lowdivergence ion beams has progressed.

1.

INTRODUCTION

Proof-of-principal and scaling experiments for light-iondriven inertial-confinement fusion are in progress using
generators which are appropriate for use as ignition-system
modules. Intense beams extracted from ion diodes already have
particle energies, currents and pulse durations which could
satisfy system requirements related to ion production, focusing
and transport to an ICF target Ll]- Recent results in lightion-beam research at NRL and Cornell are summarized below.

* Work supported in part by US Department of Energy and US Defense Nuclear Agency.
JAYCOR.205 S. Whiting Street, Suite 500, Alexandria, VA 22304.
* ' Science Applications, Inc., 8400 Westpark Drive, McLean, VA 22101.
** Sandia Laboratories, Albuquerque, NM 87115.
f
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At NRL, important advances have been made in the area of
ion production with pinch-reflex diodes, and in the areas of
beam focusing and transport. These advances include the
following: (1) production of > 100-kJ proton beams and
deuteron beams with peak ion powers approaching 2 TW on the
PITHON generator in collaboration with Physics International
Co.; (2) production of 60 kA of protons at 5 MeV with a 25-ohm
ion diode on the AURORA accelerator in collaboration with Harry
Diamond Laboratories (HDL); (3) focusing of 0.5-TW deuteron
beams produced on the NRL GAMBLE II generator to current
densities of about 300 kA/cm2; and (4) efficient transport of
100-kA-level ion beams over 1-meter distances using Z-discharge
plasma channels.
At Cornell, advances have been made in the production of
light-ion beams other than protons. Beams consisting of L i + ,
B + 1 and C + 1 were produced using LiF, BN and (CF 2 ) n anodes,
respectively. Work is also underway at Cornell to study ionbeam divergence, both in the diode and during transort. Ion
beams with divergences £ I o have been produced.
Further details of these results are given in the sections
that follow.

2.

NRL ION BEAM ICF PROGRAM

A conceptual schematic of the NRL approach to light-ion
beam ICF is shown in Fig. 1. The diode and transport system
together with the pulsed-power generator (not shown) is one
module of a multi-module pellet-ignition system. A pinchreflex ion diode (^ 10 cm in diameter) produces the ions and
properly aims them towards the transport system entrance
aperture. The ion beam then free-streams in a gas-filled
chamber towards an ^ 1-cm-diameter focus. The gas in this
chamber allows the ion beam to be highly charge- and currentneutralized. Once inside the transport channel, the ions are
confined radially by the azimuthal magnetic field produced by
the discharge of an external capacitor bank. The ^ 50-kA
current in the channel is sufficient to confine ions entering
the channel with transverse velocities below about 15% of
their axial velocity. The plasma density in the channel must
be sufficiently high to provide inertia against channel expansion forces during beam transit and sufficiently low to prevent
excessive energy loss of the beam during transport. Beam power
multiplication of about a factor-of-five is achieved during
transport to the pellet by ramping the accelerator voltage in
time. Beams emerging from the channel propagate the last few
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FIG. 1.

Conceptual schematic of NRL Ught-ion inertial-confinement

fusion

approach.

centimeters to the pellet with low divergence because of the
small transverse velocity. Several ion beams can then be
overlapped onto the pellet.
2.1. Ion Production
In the most recent positive polarity experiments [2] on
upgraded [3] GAMBLE II at 1.3 TW, ^ 6,0% conversion efficiency
from generator power to ion power was achieved using a planar
version of the curved pinch-reflex ion diode schematically
illustrated in Fig. 1. A thin CH2 foil stretched across a
dielectric ring is electrically connected to the positive
electrode by a 1-cm-diameter rod on the diode axis. Plasma
formation due to surface flashover causes the plastic foil to
become a conductor early in the pulse and provides a source
of ions. This geometry enhances ion emission by increasing
the electron path length (and therefore lifetime) relative to
that of ions by forcing the electrons to reflex through the
thin foil as they pinch in radially. This reflexing in the
vacuum gap behind the foil is due to the azimuthal selfmagnetic field caused by the return-current flow through the
center conductor. In front of the foil, the electrons reflex
in the self-consistent diode fields. The ions that are produced on the back of the anode foil do not carry diode current
because the back plate is at anode potential. Results of the
numerical simulation of this diode configuration are discussed
elsewhere [4].
Typical diode electrical characteristics on GAMBLE II are
shown in Fig. 2a for a 6-cm cathode radius, a 0.4-cm anodecathode gap spacing, and a 0.5-cm vacuum gap behind the
0.01-cm CH2 anode foil. Ion currents of 0.5 MA have been
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FIG.2. Diode electrical characteristics for Gamble II and Pithon.

measured with 0.9-MA total diode currents. This corresponds
to an average source-ion current density of 5 kA/cm2. The net
current signal (the current entering the cathode foil) is
interpreted as the total ion current flowing in the anodecathode gap. The location of the Rogowski coil used to make
this measurement is illustrated in Fig. 3.
In other ion production experiments [5], a pinch-reflex
ion diode similar to that used on GAMBLE II was successfully
operated at 3 TW on the Physics International PITHON generator.
The main difference between the geometry used on GAMBLE II and
that used on PITHON was that PITHON presently only operates in
the negative polarity mode. Deuteron-current measurements
were made in the conventional manner by coating the anode foil
with CD2 and using both nuclear activation and neutron timeof-flight detectors to detect the neutrons produced from a
greater than one-range-thick CD2 target placed behind the
cathode.
Typical diode electrical characteristics on PITHON are
shown in Fig. 2b for a 6-cm cathode radius, a 0.3-cm anodecathode gap spacing, and a 0.5-cm vacuum gap behind the
0.01-cm CH2 anode foil. Peak diode voltages of 2 MV at 1.5-MA
diode current were obtained with flat impedance behavior even
though the pulse length was almost twice as long as that on
GAMBLE II. Ion currents of up to 1 MA were obtained corresponding to peak ion powers approaching 2 TW. Over 100 kJ
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FIG.3. Geometric focus geometry showing ion current monitor and ion pinhole shadow box.

of ions were produced out of just over 200 kJ of electrical
energy delivered to the diode. Impedance control and electrical reproducibility were excellent. When deuterons were
produced, the neutron yield approached 1 0 1 3 from the D-D and
D-carbon reaction occurring in the CD2 target. These results
demonstrate that pinch-reflex ion diodes can successfully be
operated at higher voltages and currents as well as longer
pulse lengths.
The voltage and ion currents produced on PITHON are in
the range required for a single module of a multi-module
pellet ignition system. The long impedance lifetimes and high
reproducibility associated with the ^ 1-cm gaps between the
anode and cathode transmission foils indicate that programmedvoltage waveforms for beam bunching during transport can be
employed. Focus-perturbing effects associated with timevarying Bg fields in the diode region can be controlled for
these ^ 1-cm diode gaps by electrode shaping and naturally
occurring gap closure [ 6 ] ,
An ion diode has recently been installed on one arm of the
AURORA accelerator at HDL. First experiments have been performed at the 1.3-TW level (^ 1/3 available power for one arm)
and have produced ^ 50 kJ of 5-MeV protons [7]. About 1 0 1 3
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neutrons per shot were observed when the 'v. 70-kA, 140-ns-duration proton beam was incident on a thick LiCl target. The
diode consisted of a 10-cm-diameter cylindrical cathode
separated from a polyethylene anode by ^ 5 cm in a pinch-reflex
diode configuration. The diode impedance during ion acceleration was ^ 25 ohms. Ion production efficiency was ^ 30%. This
high efficiency (^ 7 times bipolar flow) appears to be the result of electron-orbit lengthening due to VB drifts when the
total diode current exceeds the Alfve*n current.
These experiments represent an effort to scale results on
lower-impedance machines (GAMBLE II and PITHON) to higher
-voltage and -impedance diodes at high beam energy levels.
Although the ion efficiencies are less than on lower-impedance
machines, the "stiffer" high-voltage beam can be ballistically
focused to smaller spot sizes in long focal-length geometries.
Initial pulsed-power investigations on the AURORA accelerator
show that the positive-polarity operation required for beam
transport is practical. Additional energy may be obtained by
overlapping ion beams from the four arms of AURORA.
2.2. Beam Focusing
In order to achieve high ion current densities, a 0.025-cmthick spherical-section plastic anode foil with a 12.7-cm
radius of curvature was used on GAMBLE II as shown in Fig. 3.
In this short-focal-length geometry, the ion launch angle at
the anode exceeds the magnetic deflection in the diode. Focal
spot broadening due to radial- and temporal-field effects is
thus minimized. When the anode was coated with CT>2/ the
observed focus was close to the geometric focus. By using
small CT>2 targets and measuring neutrons from D-D and D-carbon
reactions with activation counters and time-of-flight detectors, peak deuteron current densities of about 300 kA/cm 2 were
inferred. Typical neutron yields were a fraction of 1 0 1 2
neutrons from 0.5-1 cm 2 targets.
Important new experimental results for focusing are provided by a pinhole shadowbox diagnostic shown in Fig. 3. Small
ion beamlets are produced by masking off all of the beam
drifting in the neutralizing background except for that protion
emerging through 1-mm-diameter holes placed along two diameters
at right angles. When the shadowbox is placed further from the
diode than the center of the ion focus, these orbits can be
projected from the damage spots back through the pinhole to the
focus and then to the anode plane. The radial extent (typically a few millimeters) of each damage pattern reflects the
time-variation of deflection angle due to time-varying diode
fields. The significantly smaller observed azimuthal extent
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of damage compared with the radial extent of damage suggests
that with proper aspheric anode and cathode shapes, focusing
of ion beams to areas much less than the present 1-3 cm 2 should
be possible.
For the present ion transport experiments on GAMBLE II,
the planar, pinch-reflex diode configuration previously discussed was used to bring a 0.5-MA, 1.4-MV proton beam to a
narrow-angle focus (^ 50 kA/cm2) 20-30 cm downstream from the
diode [8,9]. The long focal length was achieved by magnetic
self-focusing acting alone in the diode gap in the flat-anode
geometry. This configuration was employed to inject ions into
the transport channel since larger-angle injection required
excessive transport-channel currents.
2.3. Beam Transport
The transport section consisted of a copper pipe containing an insulating ceramic liner filled to the 0.2-2 torr
air background pressure of the focusing-drift section. The
inside diameter of the ceramic liner defines the diameter of
the wall-stabilized discharge. Discharge-channel diameters of
1.6-4.5 cm were employed. The discharge current rose to about
50 kA in less than 1 ysec after which time the ion beam was
injected into the channel. This channel current was enough to
provide radial confinement for ions entering the channel with
the maximum 10° angle. Measurements of transport efficiency
were provided by diagnosis of 6-MeV gamma rays produced by the
interaction of beam protons with fluorine [9]. Collimated
scintillator-photomultiplier detectors were used to detect the
gamma rays produced in 50%-transparent Teflon screens placed at
the entrance and exit apertures of the transport system.
The results of the analysis of the prompt y-signals indicate that 100-kA-level beams were transported over 1 meter
distances with 50 to 80% efficiencies. The calculated efficiencies have large uncertainties associated with unknown ion
energy losses occurring in the diode, focusing and transport
sections.
Theoretical analysis of the plasma response to beam
passage using a MHD code indicates that the channel plasma
density must be > 1 0 1 8 nucleons/cm3 in order to prevent excessive channel JXB force expansion during beam passage [lo]. Ion
energy loss due to the stopping power of the pJ asma sets the
upper limit on the plasma density. Additional ion energy
losses occur in the electric field generated by return currents
and plasma expansion although such losses may be reduced or

408

COOPERSTEIN et al.

even converted into an energy gain by injecting the beam into
an imploding channel [ n J >
In expanding channels, the transportable beam current is limited to under 1 MA for each arm
of a modular system unless a larger-diameter channel followed
by a final-focussing stage is employed [12]. These considerations combined with pellet requirements set a lower limit on
the number of modules [l,2].
Other theoretical considerations [13] show that small
electric fields and modifications of the radial profile of Bfi
produced by beam passage do not seriously affect beam bunching.
Analysis also shows that growth of sausage-like modes in the
channel do not seriously affect beam transport and that
velocity space instabilities are either quenched by collisional
effects or do not grow to levels which will inhibit good beam
transport. Further theoretical analysis is underway.

3.

CORNELL ION BEAM ICF PROGRAM

Ion beam ICF research at Cornell has been concerned
recently with the generation of ion beams other than protons,
and with studies of ion beam divergence both in magnetically
insulated ion diodes and during beam propagation. Some experiments and theoretical modeling which address these topics are
described below.
3.1. Generation of L i + 1 , B + 1 and C + 1 Beams
Most intense light-ion-beam work to date has involved
proton or deuteron beams. The anode in such work is typically
a hydrocarbon plastic. It has been suggested that heavier
ions, such as Li or C, should be superior to protons as lightion ICF drivers because, of their substantially higher specific
energy deposition than protons of comparable energy [14j.
Lithium ionization potentials are such that it is likely to
exist as a pure singly-charged species in an anode plasma,
whereas it may be that C+l+ can be made the principal species
in a carbon beam. This raises the possibility of an 8-MeV C+lf
beam using the 2-MV PBFA I accelerator now nearing completion,
and 16 MeV using the 4-MV PBFA II accelerator scheduled for
operation in the middle 1980's.
In recent exploratory experiments, 200-300 keV beams which
were predominantly L i + 1 , B + 1 and C + 1 were produced using
lithium fluoride (LiF), boron nitride (BN) and Teflon ((CF 2 ) n ),
respectively, as the anode plasma source in a magnetically
insulated (MI) diode. The diode used for these experiments is
of the type described by Maechen et al. [l5]. Briefly, it
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has a concentric "racetrack" design with the anode inside the
cathode. One flat side of the anode has the anode plasmasource material mounted on it opposite a set of extraction
slots in the cathode. The cathode serves as a single-turn
coil to provide the magnetic insulation. The diode is driven
directly by a Marx generator providing beam pulses which are
typically 200-300 nsec wide with a diode gap spacing of 4 mm.
Current densities and species determinations with the different
anodes were made using magnetically insulated, biased Faraday
cups with and without 2-ym mylar "filters", magnetic mass
spectroscopy combined with time-of-flight analysis, and
secondary ion mass spectroscopy. The results indicated that
beams consisting of (74 ± 10)% Li + 1 , (72 ± 14)% B + 1 , and
(86 ± 8 ) % C + 1 were produced using the Lif, BN and (CF 2 ) n
anodes, respectively. The balance of these 40-60 A/cm2 beams
was protons, apparently from hydrocarbons due to the diffusion
pump oil in the system. For reference, when a polyethylene
((CH2)n) anode is used, 50-80% of the extracted beam is protons and the remainder is C + . For further details of these
experiments, see Ref. 16.

3.2. Beam Divergence Studies
In any intense ion beam for use as an ICF driver, an
important parameter for determining how well the beam can be
focused is j/A02. Here j is the current density which must be
maximized, and A9 is the beam divergency angle which must be
minimized. Experiments on two different generators have
achieved proton beam divergence angles of 2%° ± h° at
200-300 keV and ^ I o at 500-600 keV in magnetically insulated
diodes operating at > 100 A/cm2. In the lower voltage experiment, which used the diode described in Sec. 3.1, it was
demonstrated that the anode configuration as represented by the
type and thickness of the plastic, and the configuration of
holes used to induce surface flashover, affected both the
divergence angle and the current density. Divergence angles as
low as 2° were measured, using several Faraday cups and many
pulses to obtain a current density profile of a propagating
beamlet obtained by masking the cathode. In the higher voltage
experiment, a similar diode using a virtual cathode formed by
metal vanes inserted into the diode gap was used [l7J. By
appropriate adjustment of the vanes, a uniform ^ 200 A/cm2,
beam was produced. A divergence angle of ^ I o was estimated
by placing a screen mesh consisting of 0.38-mm wires in the
beam path a distance of 10 cm from the cathode and observing
the shadow of the screen in damage produced on aluminum 1.3 cm
further downstream.
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In a MI diode the ion beam is extracted through a drift
space formed by slots in the-cathode. Prompt charge neutralization by electrons is necessary to prevent beam expansion. In
practice this occurs by (i) secondary electron emission from
the side walls through ion bombardment and (ii) by extraction
of electrons from the magnetized layer of electrons near the
cathode. For successful space-charge neutralization [18] the
wall-emitted electrons are thermalized, probably by microinstabilities, and electron extraction from the magnetized
layer is possible only if the magnetic field B drops off such
that the axial potential gradient )d<j)/dxj > B. In any event,
a space-charge potential e$ Q ^ 2meui builds up in the
sheath [19] near the beam exit region to accelerate electrons.
In a magnetic field-free region the electrons have a mean
velocity approximately equal to the beam velocity and thermal
velocity of the same order. When beams propagate across a
magnetic field and space-charge neutralization from surrounding
walls is inadequate, the electrons can acquire much higher
thermal energy [20]. At a minimum,the ions are deflected in the
direction transverse to propagation by e$ 'v 2m u^ so that the
minimum divergence of the beam after propagating a distance
^ a0(m-L/Zme)^ is AG ^ a ( Zme/m¿ ) "^, where a is of order unity and
a 0 is the initial beam radius.
Experiments have been performed using an "Applied B0-diode"
[2l] as a beam source in which a weakly focusing 2-10 kA, 300-keV
proton beam is propagated over distances up to 40 cm in vacuum or
low pressure (0.1 torr) helium gas. From the observed beam-ion
flux density profiles as a function of axial distance, we conclude
that it is charged neutralized. Measurement by Rowgowski loops
show that the net current during the beam pulse was less than 5%.
Severe beam distortion is observed when the beam is a thin (^ 1 cm)
annulus. Substantial beam spreading is observed when the full 10-kA,
5-cm annular thickness beam is propagated, as compared to
1.25-cm-thick 2-kA annular sections of the beam.
Studies in all of these areas are continuing.
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DISCUSSION
J.P. WATTEAU (Chairman): Does pressure have any effect on the ionbeam transport through the channel?
G. COOPERSTEIN: For the present experiments, which have total ion
currents of ~ 100 kA at current densities of ~ 50 kA • cm - 2 , the transport
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efficiency appears to be independent of pressure from 0.5 to 2.0 torr. However,
channel hydrodynamic response calculations indicate difficulties in transporting
ion beams much in excess of 1 MA -cm - 2 . We shall have to wait for experiments
at higher current densities in order to observe the effect of the pressure. It is
calculated that for transport of 1 MA of protons in hydrogen the density (nj)
should be (1-3) X 10 18 cm- 3 .
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PROGRESS TOWARD FUSION
WITH LIGHT IONS*
G.W. KUSWA
Sandia National Laboratories,
Albuquerque, New Mexico,
United States of America
Abstract
PROGRESS TOWARD FUSION WITH LIGHT IONS.
New results in target design, beam generation and transport, and pulse power technology
have led to a programme shift stressing light-ion-driven inertial-confinement fusion. According
to present estimates, a gain-ten fusion pellet will require at least 1 M J and ~ 1 0 0 TW power
input. Progress in ion sources has resulted in beam power density of ~ 1 TW-cm - 2 , a factor of
ten increase over the last year, and cylindrical implosion experiments have been performed.
Other experiments have demonstrated the ability to transport ion and electron beams with
high efficiency and have confirmed numerical predictions on the properties of beam transport
channels converging at a target. These developments, together with improvements in pulse
power technology, allow the projection that the 72-beam, 100-TW Particle Beam Fusion
Accelerator, PBFA II, will attain target output energy equal to stored energy in the accelerator.

INTRODUCTION
The light-ion program at Sandia National Laboratories has the
goal of utilizing efficient low-cost pulse-power to demonstrate
proof-of-principle for inertial confinement fusion (ICEl,J1~6Jsimilar
technology can be adapted for repetitive operation,' ^ and the
beams can be transported through a chamber containing sufficient
gas to protect the wall.'- J Thus, the long-term potential for
useful IGF energy production is expected to develop in a direct
and logical manner. The Sandia ICF program developed initially
from successes in electron-beam-pinch efforts. The superiority
of ion beams for ICF ignition has long been recognized, but only
recently have ion sources appeared with sufficient intensity to
inspire confidence in this approach. Target experiments with
ion sources are now beginning. In this paper,results of these
recent intense beam experiments are given, along with the plan
for extending these results to higher power levels.
TARGET CONSIDERATIONS
To ignite an ICF target, it will be necessary to deposit a
few x 10 J/g in the outer layers during ~ 10 ns. Ion beams with
atomic number 1-6 and energy 1-24 MeV can accomplish this without
* Work supported by US Department of Energy.
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FIG.l. Expected gain-energy relationship
for various fusion target calculations falls
between the two curves (after R. Bangerter,
Lawrence Livermore National Laboratory).

enhancement over normal stopping power. (Electron-beam ICF requires such enhancement.)
With ions, no bremsstrahlung or hot
electron component will preheat the thermonuclear fuel or pusher
and thereby degrade target performance. Substantial deviations
(factors of two or more) from the conventional stopping power are
predicted for ions interacting with heated matter.
These
effects do not reduce target efficiency but must be included in
design, and corrected models for stopping power have.been incorporated in a routine for inclusion in hydrocodes.l J It is
instructive to examine the gain curve shown in Fig. 1. Because
light-ion drivers are very efficient, targets with gain 30 are
expected to place the gain-efficiency product in the range 10
needed to satisfy economic constraints on reactors. For such
gain, a few megajoules of ion energy on target will be required
and yields will be in the 100-MJ range. A reactor operating at
3-5 Hz would produce 100 MW electric; its relatively small size
would be very attractive for introducing ICF technology to the
commercial sector.^ ^
BEAM GENERATION - PRESENT ACCELERATORS
Several ion-diode options are under study for application on
Sandia accelerators. All options, except one, J use magnetic
fields... either self-generated by diode current flow or with
externally excited coils... to suppress electron flow while allowing ions to be accelerated freely. Work at Sandia National Laboratories and Cornell University^» ' has concentrated largely on
diodes employing external magnetic fields, while work at the Naval .
Research Laboratory has been primarily with self-excited diodes. *• ^
A schematic of the radial diode employed on the Sandia PR0T0
I and PROTO II' 16 ^ accelerators is shown in Figure 2; this device
operates in the following manner. A magnetic field is established
by pulsed coils. The risetime is selected so that field fully
penetrates the stainless-steel cathode structures but only
slightly penetrates the anode, and its value (typically 1-2T) is
chosen so that electrons emitted at the edge of the cathode cannot reach the anode. When the power pulse (typically 1 MV, 500 kA
for PROTO I; 2 MV, 4 MA for PROTO II) is applied, plasma layers
form on the intense-field regions of the cathode. Electrons from
these plasma layers drift in axial and azirauthal directions to
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FIG.2. Schematic diagram showing essential features of radial ion diodes used with Proto I
and Pro to II.

form a circulating electron cloud which constitutes a virtual
cathode. The effective anode-cathode gap is smaller than the
physical anode-cathode gap by an amount equal to the average
electron radius in the field. The electric field stress upon the
anode surface results in a surface breakdown along imbedded insulating hydrocarbon areas.'- ' Ions (predominantly protons in current experiments) from the anode-breakdown plasma are accelerated
inward radially by the virtual cathode. One can obtain a current
density several times greater than would be calculated with classical Child-Langmuir theory. Note that if the applied magnetic
flux is totally excluded from both the anode structure and anode
plasma, then canonical momentum considerations show that there
is no defocusing from the applied field.
An important element in ion diode performance is the control
of self-magnetic fields arising from the ion-beam current. In the
radial diode just described, axial pinches are produced and can
either aid in attaining high current density on target, or cut off
the diode current, depending upon the geometry and impedance. For
example, for a diode with radius R » d, the axial extent of the
ion source, the maximum current that can be drawn before cut-off
begins is I l i m = 2.9(R/d)(AV/z) ' , where A is the atomic number,
z is the integer charge state, and I and V are in MA and MV.
Although this limit is not approached for present parameters on
PROTO I or PROTO II, the beams do undergo a series of pinches as
they move inward radially. A single pinch would be located at the
axis If I =0.72(d/R)(AV/z)1/2.[18I Current on both PROTO accelerators exceeds this condition, and as I varies, a series of pinches
moves over the targets. Particle-in-cell computation of diodes
agrees with experiment and with analytic envelope theory.'••'
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FIG.3. Hydrocode calculation (shown in half-plane) of ion-driven conical foil target less than
one range thick to peak ion voltage, 45 ns after irradiation. At this time the voltage is low
and, as shown, ions no longer fully penetrate the foil. Also shown is the time-integrated
pinhole picture of a similar target.

Experimental techniques used include filtered.x-ray diode arrays,
x-ray spectroscopy, •• ' pinhole photography,^ •• nuclear activation, and detection of prompt radiation from the reaction
19
F ( p , a r ) 1 6 0 . t 2 2 J The latter technique is particularly useful for
determining ion focusing and trajectories by allowing the proton
beam to impinge upon fluorocarbon samples placed within the diode.
Local proton current is inferred from the y-signal and the nuclear
reaction cross-section which is a function of the diode voltage.
Other experiments have centered on "exploding-pusher" implosions utilizing aluminum-foil cylindrical and conical diagnostic
targets which are less than one range thick for megavolt protons.
X-ray pinhole camera and x-ray diode measurements were used to
infer energy deposition profiles and the foil's dynamic response.
Aluminum line radiation recorded by x-ray pinhole imaging on film
gives the beam profile on target, as shown in Fig. 3 by the faint
ring; the intense central spot shows the high-temperature spike
formed when the radially imploding portion of the material stagnates near the axis. The PROTO I experiment has resulted in
transfer of > 80% of the terminal power to the ion beam, and
1 TW/cm has been deposited in the central region of a cone with
A mm mean diameter. Hydrocode calculations using the ion deposition packagelHJ have been used to model these implosions. An
example of such a calculation is included in Fig. 3. It is
expected that during the next year PROTO II will be used to extend
experiments to larger targets with power density > 1 TW/cra .
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PROTO II has produced « 130 kJ of ions, and focusing experiments
are in progress. A large-scale single diode patterned on this
general design will be used on PBFA I, but for PBFA II individual
diodes will be used with plasma transport channels.

BEAM GENERATION AND TRANSPORT FOR PBFA AND REACTORS
Future high-power net-energy gain experiments will employ
current-carrying plasma channels for ion transport through ~ 10
t'orr of gas. To accomplish this requires: (i) beam with £, 15°
half-angle, >^ 1 TW/cm power density at the focal point, and voltage programming to yield a bunching factor of ~ 3-5 at the target;
(ii) Ionized channels about 1 cm in diameter and carrying ;> 50 kA
of pulsed plasma current to confine the ion beam.l2-'J
initially,
thin wires have been used to guide the channel discharges,i2^J
but reactor applications will require a few joules of laser light
to form preionized paths before firing the channel capacitor
bank.l25"27J
Channels for beam transport provide both current and spacecharge neutralized beams, and trajectories are calculated by
considering only the initial injection positions and velocities
in the magnetic field of the channel. In long channels, resistive
voltage drops may result in some energy loss, but this is unimportant for multimegavolt Ion beams. Monte-Carlo calculations
show that trajectory changes caused by variation in charge state
of ions interacting with the channel plasma will not be important. * •" Because electron beams have been readily available, the
the first multiple beam transport and combination experiment was
performed with electrons; similar physics holds for ion beams.
Six electron beams generated by PROTO II were introduced into
radial channels converging toward a target. *• •• Figure 4 shows
that the experimental result matches theoretical predictions.
50 kJ of electron energy was efficiently transported over aO.5meter path to targets with diameter ;> 2.5 cm. If ion beams had
been available, a second theoretical curve shows that similarly
efficient results could be obtained with smaller targets and
higher power density. That similar physics holds for electron
and ion transport has been established with single wall-guided
channels at the Naval Research Laboratory 1 2 °* and with wireguided free-standing channels at Sandia. ' •• Recently, the creation of a 1.5-ra channel in low-pressure NH3 by preparing.the discharge path with a CO2 laser line has been demonstrated.
[30]
Plans are underway to transport an ion beam in such a channel.
Diodes suitable for injecting beams into channels.include a
modified version of the radial diode discussed above,t^lJ the
pinch-reflex diode studied primarily at NRL,[15]( s e e a i s o [32 j)and theAutoMagnetic Plasma Filled Field Insulated Ion Diode (AMPFION).[33l
The AMPFION approach utilizes a plasma gun ion supply, obtains
its insulating magnetic field from the diode current Itself flowing through spiral turns, has no magnetic field extending into
the ion drift region, and produces a current-neutralized beam.
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In addition, the impedance characteristic associated with AMPFION
produces a voltage waveform which rises during the pulse to produce a bunched ion beam from a conventional pulse-power source.
The basic principles of AMPFION have been demonstrated, and work
to improve the focal properties is in progress.
Ion-diode research centers on improving the power density
brightness factor JV/0 , where J is the ion source current density, V is the accelerating potential, and 6 is the divergence.
The PROTO I diode has attained a power brightness « 3 TW/cm steradian at 1 MV and J = 5 kA/cm .) V must be within the range
dictated by ion species and target design, and is 2-4 MV for proton beams. There is considerable impetus to develop higher voltage pulse power sources. Larger anode-cathode gaps can be used
at higher voltage, while maintaining a high value for J, reducing
the effect of anode plasma perturbations (and hence $), and
increasing impedance uniformity during the pulse. In addition,
higher voltage beams are attended by lower self-fields at constant
power, and more energetic or massive particles are less affected
by magnetic fields, improving focusability. The power brightness
is expected to scale approximately in proportion to V
.
PULSE-POWER DEVELOPMENT
PBFA is modular in construction. l •• A 33-m-diameter tank
(Fig. 5) houses 36 oil-submerged Marx generators which store 4 MJ
at a capacitor charge of 100 kV. The Marx section was completed
during February 1980, and all 36 units have been triggered with
a total spread of 20 ns. Pulse compression of the 1-/js Marx pulse
takes place in an inner annular water tank. Because of its low
cost, high dielectric constant, and favorable breakdown characteristics, deionized water is used for the dielectric pulse compression medium. The Marx energy is transferred to 36 coaxial water
dielectric intermediate storage capacitors; upon command trigger,
36 pressurized SFg-filled spark gap switches discharge energy from
the intermediate capacitors into water-dielectric strip lines in
300 ns. Each strip line has five self-closing switches to form
a 40-ns output pulse. This pulse is fed into a final strip line
with a set of self-triggered switches for pulse sharpening and
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FIG.5. Artist's conception cut-away of PBFA I.

prepulse isolation, and then passes through a voltage-doubling
tapered transmission line to the insulator stack, which separates
water from vacuum. Because flashover properties of the vacuum
surface limit the electric stress, the insulator cross-section
must be quite large; this necessitates positioning these elements
at a large radius. Low-loss power transport from the insulators
to the diodes is accomplished with a separate self-magnetically
insulated transmission line for each module. These lines transmit
the 2-MV, 40-ns, 400-kA pulses along a line stressed to 2 MV/cm
with virtually no loss, because self-magnetic fields prevent electrons (always present at these stresses) from crossing the interelectrode gap. Peak power transmission is nearly 100% efficient,
and about 90% of the energy is transmitted. By paying careful
attention to the electrodynamics of electron flow in the design
of the injector region at the insulator, either polarity pulses
can be efficiently transmitted. 1-35]
PBFA II will occupy the same tank as PBFA I. The number of
Marx generator modules will be increased to 72, and the rating of
each Marx module will be nearly doubled by using higher energy
density capacitors. PBFA II will store 15 MJ and deliver « 4 MJ
to the diodes. Similar pulse-forming circuits will be employed,
but a close-coupled water strip-line transformer will be inserted
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between the pulse network and the water-vacuum interface to increase the voltage. It now appears feasible to rejoin vacuuminsulated lines at a common load. ^"J If success is achieved,
options for either high or low impedance loads for PBFA will be
possible. PBFA I will be completed on schedule during July 1980,
and pulse-power experiments will be carried out until January
1981. Diode and target experiments will be carried out until mid1983, when the upgrading to PBFA II will commence. During 1986-87,
PBFA II will provide 100 TW and 1 MJ of ions to ICF targets which
are expected to provide energy output equal to energy stored in
the capacitor bank, i.e. net energy gain.
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DISCUSSION
C. YAMANAKA: You talked mainly about cylindrical target experiments.
Have you performed any pellet experiments yet?
G.W. KUSWA: We have conducted spherical target experiments of several
types with electron beams: these have been reported elsewhere. We plan to
conduct light-ion-driven experiments with spherical targets during the coming
year.
C. YAMANAKA: How will you support the pellet so as to maintain the
ground connection?
G.W. KUSWA: For near-term experiments, target return current (ground)
connections will be made by contact with the cathode structure of the ion diode.
In future experiments employing the plasma-channel transport of beams, the
return current is to be carried by the channel itself.
C. YAMANAKA: What is the size of focus in your experiment?
G.W. KUSWA: The focal spot size is such that approximately half of the
nominal 15-kJ ion beam of Proto I will strike a band having a few millimetres
axial extent on targets 3—4 mm in diameter. Currently about 1 TW-cm -2 with
proton energies of ~1 MeV is routinely available on targets. Efforts to focus the
^>130-kJ ion beam on Proto II to a current density exceeding this value will be
carried out in 1980.
A.Y. WONG: What are the problems associated with light-ion fusion?
Could you comment in particular on the space-charge surface stability?
G.W. KUSWA: Beam concentration is the greatest problem at the moment.
One solution is to raise the voltages from the present ~1 MV to ^10 MV and
to use He or Li instead of protons. Alternatively, a more reactor-like arrangement
can be introduced by employing many separate beams transported in plasma
channels with some bunching and overlapping, as described in the text. Spacecharge effects are not important in plasma-channel transport because the plasma
ensures a supply of neutralizing electrons. In the case of single diodes with shortdistance transport in vacuum, electrons are easily drawn from the cathode electrodes
to which the target is attached; in fact, this is observed in practice. Stability of
the plasma channels is ensured by the inertial loading of gas around the channel
for individual channel currents up to ~1 MA; details can be found in the references
of the paper.
Stability of the pellet itself is a complex topic. However, if energy deposition
can be spread out, as would happen with a bunched ion beam of varying energy
or with a number of monoenergetic beams incident upon a pellet at various angles,
the stability would be improved. The properties of ion beams allow more control
over deposition profiles than is possible with other drivers, but the real value of
being able to exercise this control remains to be demonstrated.
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J.P. WATTEAU (Chairman): You stressed that the use of light-ion beams
instead of electron beams will avoid the need to preheat the target. Is it not
possible that at high interaction energies between the ion beam and the target
some other kinds of preheating sources, such as, for example, X-rays, might appear?
G.W. KUSWA: It is, of course, possible that some at present unidentified
effects could arise and provide preheating. However, we are unaware of any
established theory which would predict that penetrating X-rays or electrons are
potential problems for the ion diode or transport schemes that have been proposed.
One possible exception may be found in the diode design described in Ref.[13]
of the paper, for which some energetic electrons may reach the target. We have
not seen evidence of hot electrons or X-rays from targets irradiated at power
densities up to 1—2 TW-cm -2 with light ions; further experiments in this area
are planned.
J.P. WATTEAU: What part is played by the pinch effect in the cone
implosions?
G.W. KUSWA: When ion current flows to the target and then returns to the
cathode through the target material, a B# magnetic field arises which can push
radially inwards on the foil. This is a small effect with the currents, foil masses
and timing conditions found in these experiments.
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Abstract
THE ARGONNE HEAVY-ION FUSION PROGRAM: ACCELERATOR DEMONSTRATION
FACILITY (PHASE ZERO).
The feasibility of the RF linac heavy-ion driver for inertial-confinement fusion is generally
now accepted. There are, however, many beam manipulations that are specific to the RF linac
HIF driver which must be demonstrated. Accelerator projects have begun at Argonne National
Laboratory (ANL) to resolve some of the uncertainties. A minimum programme has started
which involves demonstration of some critical issues for linacs and accumulator rings (injection,
accumulation, extraction, emittance growth, beam life-time, internal compression, etc.). An
improved facility is also proposed which would deposit more than 3 kJ on a 0.5-mm-radius
spot for interesting energy deposition experiments. The experimental programme during the
past two years has developed a high-intensity xenon source, a 1.5-MV pre-accelerator, and the
initial RF linac cavities for the demonstration projects.

1.

INTRODUCTION

Conceptual designs for multi-GeV heavy ion inertialconfinement fusion drivers based on conventional accelerator
technology were first introduced in 1976 [1]. Since then,
annual workshops have examined the most important technology
issues [2]. The feasibility of a megajoule driver using RF
accelerator technology was established, but answers to many
quantitative issues can be provided by a demonstration at
a lower level of beam power before a commitment to an
expensive high-gain driver. Development programs for the
RF techology at Argonne and the linear induction technology
at Berkeley have been strongly endorsed by the 1979 Foster
panel review of the U.S. inertial fusion program.
* Work supported by the US Department of Energy.
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The Argonne program is designed to: 1) demonstrate
mastery of RF heavy-ion driver technology sufficient to
form a sound base for design and construction of a large
(multi-megajoule) high-gain inertial-fusion driver, and
2) provide beams for physics experiments at the kilojoule
level.
The first goal is to be reached through acceleration
(to 220 MeV), storage and targeting of low-emittance beams
of heavy ions. The second goal can be achieved using singlepulse synchrotron acceleration to 10 GeV in a ring.

2.

DEMONSTRATION PROJECTS

During the past four years, the near-term objective
of the U.S. heavy-ion fusion program has changed importantly. The original objective of a Heavy Ion Demonstration
Experiment (HIDE) to produce 100 kJ and 3-30 TW beams [3]
was replaced in the fall of 1978 by a loosely-defined goal
of less expensive demonstrations, mostly involving accelerator technology. By using a synchrotron, however, the
revised Argonne program was able to preserve the capability
of producing intense enough beams (5-10 kJ, 1-2 TW, 6.4 GeV
Xe + 8 ) to study the stopping of intense heavy-ion beams in
hot (T ^ 100 eV), dense matter and also the phenomena
associated with propagating such beams through various
potential reactor-chamber atmospheres. This Phase I plan,
however, was obsoleted by a further reduction in the scope
of the U.S. HIF program in the spring of 1979. It was
accepted almost without question that the new program scope
would preclude generating beams of substantial intensity,
and the revised plan called for an Accelerator Demonstration
Facility (ADF). Besides weak output beams, the beams in the
storage ring of the RF linac/storage ring ADF (called Phase
Zero) would also be weak compared to the requirements for
an ICF reactor's driver. During the last year, however,
our design work has concentrated on the objective of obtaining a more intense, useful beam from this system without
increasing its cost. Still stressing the advantages of a
synchrotron, but incorporating improved design features, we
currently expect to be able to carry out the accelerator
technology demonstrations at an interesting beam intensity.
We call the improved device the Beam Development Facility
(BDF). Sufficient targeted beam intensity to study energy
deposition issues could also be produced by upgrading the
final focusing system, with a modest increase in the cost
over that of the system for accelerator demonstration above.
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2.1

Basic ADF

The most essential objective of the RF linac/storage
ring ADF is to demonstrate the preservation of beam quality
through all of the beam manipulations needed to accumulate,
condition, and deliver heavy-ion beams to ignite fusion
pellets. The only part of the ADF in which the intensity
would be as high as ultimately needed is the injector,
which includes the source, preaccelerator, and all sections
of the RF linac. A fortunate circumstance of the HIF
development program is that, for RF accelerator systems, a
large number of the accelerator demonstrations concern the
low energy end of the injector. The main question is the
beam current and emittance that can be delivered to the
high energy portion of the injector, where only small
additional beam loss and emittance growth are expected.
The main issues are source current and brightness, RF
capture efficiency (i.e., beam loss), frequency transitions,
and stripper operation with intense beams. Emittance growth
of space charge dominated beams is a primary interest; and
reliability of the whole system must be demonstrated.
Typical of the required parameters (derived from conceptual
designs of high power systems) are a beam current of 40 mA
and normalized emittance of 0.3 cm-mrad out of the linac.
The basic ADF would be able to demonstrate these parameters,
and also simulate (by appropriate time-dependent beam
deflection) combination of linac beams to increase current
at a frequency transition. This part of the system,
especially the low energy end, has been the steady focus
of our experimental program, and the status of this effort
is described in Section 3 of this report.
After the linac, the accelerator demonstrations with
the ADF would be carried out at low intensity. Central
issues in the circular machines are injection and beam loss
due to charge changing collisions of beam ions among themselves and with residual gas atoms. Additional issues are
the technology of 10" 1 1 Torr vacuum systems, fast extraction
of beams with large cross-sections, and transfer between
storage rings, which relates to the most practical approach
to transverse stacking of 100 or more turns. Many important
studies can be carried out with low absolute intensity.
Injection, for example, would involve the space charge
phenomena associated with working at the space charge limit,
and the extraction and transfer demonstration would be
useful despite the low intensity. Beam loss due to collisions among beam ions would be hard to observe at low
absolute intensity, however, and it would also be difficult
to study the relevant effects of beam loss, such as vacuum
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TABLE I. PARAMETERS OF BEAM DEVELOPMENT FACILITY WITH
ONE-SINGLE-PULSE SYNCHROTRON
Ion Source and DC Preaccelerator:

Xe + 1 to 1.5 MeV at 40 mA

Low Velocity (12.5 MHz) Linac:

Xe + 1 to 20 MeV at 25 mA

Stripper:

Xe + 1 -> Xe + 8 at 20 MeV yielding
40 mA (el.)

25 MHz Linac:

Xe + 8 to 220 MeV at 40 mA (el.)

Synchrotron Ring

Xe + 8 : 220 MeV Injection,
10 GeV Final Energy

Radius -

25 m

Injection -

8 turns

Acceleration Rise Time -

0.1 s

Repetition Time -

10 s

Final Instantaneous Beam Current -

25 A

Beam Pulse Energy -

3 kJ

Emittance at Extraction -

7.5 7T mr. cm.

Pulse Compression (post-acceleration):

X 24

Final Pulse Length/Power:

5 ns/0.6 TW

Final Momentum Spread (A P/P):

± 0.5 x 10" 2

Transverse Beam Splitting:

X 4 horizontal, X 4 vertical

Target Spot Radius:

0.45 mm.

Ion Range (in cold Au foil):

0.25 mm.

Maximum Temperature Achievable in Target (Au]

50 eV

Average Specific Deposition Energy:

1.0 MJ/g

chamber damage and background pressure increase. Moreover,
it may not be possible to investigate the relevance of the
longitudinal microwave instability [4] with low beam current
circulating in the ring.
2.2

Beam Development Facility

The BDF (Table I, Fig. 1), on the other hand, would be
able to deliver enough energy (£3 kJ) to a small enough spot
(r -v 0.5 mm) to heat a foil target (ion range ^ .2 g/m2)
to a temperature (T ^ 50 eV) high enough to check energy
deposition under conditions relevant to pellet implosion.
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FIG.l.
The ANL Beam Development Facility. This facility will demonstrate many of the
beam manipulations needed in a RF linac driver for heavy-ion fusion and provide 3 kJ of
beam energy for deposition studies. Its parameters are listed in Table I.

In addition, the accelerator demonstrations by the BDF would
be carried out with I £ 10 A in the ring and I % 300 A in
the final transport and focusing system. The BDF design
uses a compound waveform for the synchrotron's accelerating
field, multiple splitting before final focusing, and large
aperture magnets in the accelerator. It has been appreciated
for many years [5] that improvements such as slowed synchrotron oscillations and enlarged bunching factor could be
realized by using compound RF waveforms; but the technique
is particularly suitable for a HIF synchrotron. The multiple
cavities needed to create the desired waveforms represent
less additional cost because cavities with different frequency ranges are needed in any case to accommodate the large
frequency swing encountered during acceleration, and the
stringent requirements in HIF for total beam energy and
focalization provide an especially strong incentive.
A specific advantage of the special RF accelerating system
is that it reduces the area of the RF "buckets" so that the
longitudinal emittance of the linac beam is diluted less
than would be the case for a single sinusoidal RF waveform
that provides the same acceleration. This leads to a
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smaller momentum spread at the target, and hence less spot
size increase due to chromatic aberration. Large aperture
(20 cm diameter) magnets in the accelerator are used with
splitting (4x4) prior to focusing to increase the total
beam energy (by increasing the emittance and space charge
limit) without increasing the size of the focal spot.
The quadrupole magnets of the 16 final focusing lenses
would also be integrated into a compact array.
In addition to the improved schedule for accelerator
demonstrations (with interesting intensity) and energy
deposition studies, the use of a synchrotron in the BDF
is intrinsically valuable because the improvements in
performance would demonstrate that the synchrotron is
attractive (because of the low cost) for the driver of
future facilities in the ICF program.

3.

EXPERIMENTAL PROGRAM STATUS

The ANL experimental program for the past two years
has been developing the heavy-ion preaccelerator and
low-beta linac. The preaccelerator and the initial
linac cavities are operational. The preaccelerator has
achieved pulsed 50 mA Xe + 1 beams at 1.3 MeV. Beam capture
in the 12.5 MHz low-beta linac is optimized by using a
single-harmonic buncher after the preaccelerator. A
bunching factor of 4.5 has been measured at the first
accelerating cavity. The first two-gap independentlyphased cavity can accelerate a 1.0 MeV beam an additional 200 keV. Two four-gap cavities are presently being
installed and the first 28-gap Wideroe linac tank is
under construction. A system of non-destructive beam
diagnostics were developed and used to measure the beam
characteristics and optimize its transport.
3.1

Ion Source

A 100 mA low-emittance xenon (or mercury) source was
developed for this program by Hughes Research Laboratories
[6]. It is a Penning discharge Pierce extraction source
with a single 3 cm diameter aperture. Xenon currents of
100 mA have been extracted with no indication of plasma
sheath instability. For typical operation at 40 mA the
aperture in the focus electrode is reduced to a 2.1 cm
diameter to increase the current density to 12 mA/cm2 and
reduce the gas load in the accelerating column. The timings
of the pulsed piezoelectric gas valve and the anode are
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accomplished via fiberoptic light links to the high voltage
terminal. In typical operation, the 100 ys beam pulse has
a 10 ys rise time and 50 ys decay time.

3.2

Preaccelerator

The high voltage power supply is a 4 MeV Radiation
Dynamics, Inc. Dynamitron [7] which has been extensively
modified for maximum pulsed current operation at 1.5 MV.
With adequate oscillator power, the rectifier circuits
would support 100 mA at 2 MV. The present 110 kW oscillator will support more than 40 mA of beam-associated
current with less than 0.25% voltage droop in 100 ys.
The various elements of the preaccelerator are shown
in Fig. 2, and a more complete description has been
published [8].
A high gradient accelerating column is used to
accelerate this low-emittance space charge dominated
xenon beam. Both the source and ground electrode are
re-entrant into the column. The acceleration occurs
across 34 cm with a peak axial electrical field of
60 kV/cm. The outer shell is 117 cm long and consists
of 30 ceramic rings and titanium discs which are epoxy
bonded. All of the internal electrodes and rings are
also titanium. The high conductance manifold and column
are vacuum pumped by five 1000 i/s helium refrigerator
cyropumps.
The column has been voltage conditioned to 1.4 MV.
The internal structure of the outer shell would not
support voltages above 1.4 MV and experienced some
damage to the internal rings and the ceramics. As a
precaution the preaccelerator voltage is being limited
to 1.1 MV until a new modified shell is completed.
3.3

Low-Beta Linac

The 12.5 MHz low-beta linac begins 4.5 m downstream
from the preaccelerator and is preceded by a buncher. An
elevation schematic of the initial cavities is shown in
Fig. 3. The independently-phased cavities (IPC's) have
a small number of gaps (2-8) to provide broad flexibility
in injection energy and acceleration gradient. The first
Widerôe tank has 28 gaps excited by two stubs. It accelerates the Xe + 1 beam from 3.1 to 8.8 MeV. Of the 40 mA
from the preaccelerator, 25 mA should be captured and
accelerated with moderate emittance growth.

431

432

WATSON et al.

FIG.2. The ANL 1.5-MeV ion source and pre-accelerator: clockwise from upper left: highgradient accelerating column and source terminal, pressure vessel, rectifier stack, and 100-mA
xenon source.

c3M
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28 GAP
DOUBLE STUB
WIDERÔE

^aMampwfrMMM^w^

8.8
MeV

IPC 1'

FIG.3. The 12.5 MHz low-beta linac. A buncher precedes the six independently phased cavities.
The 25-mA Xe+1 beam enters the ir/3n Widerôe tank with an energy of 3.1 MeV.
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The first four IPC's are copper structures; IPC 4,
IPC 5, and the Wideroe are copper electroplated on steel.
The long drift tubes all contain quadrupole magnets. The
IPC's are arranged in a 7T/5TT configuration and the first
Wideroe tank is -n/3it.
The linac through IPC 3 will soon be operational.
The Wideroe tank is under construction, but its completion
is paced primarily by available funds.

3.4

Beam Diagnostics

At appropriate positions along the beam line,
diagnostics are installed to determine accelerator performance and tune the beam transport. In addition to
biased Faraday cups and toroidal current transformers,
a non-destructive beam position and profile system
(PAPS) has been developed which has been very useful
[9]. The PAPS operates by collecting the ionization
electrons created by the beam passage through the
residual gas of the vacuum. The spatial resolution is
determined by the widths of the strips on the collector
plate. The time resolution is normally set at 10 ys so
that beam variations during a pulse can be investigated.
Two PAPS were used to determine the emittance of
the preaccelerator beam at 1.0 MeV by measuring the
waist at the buncher and the size after drifting 2.5 m.
This gave a normalized transverse emittance, enx = enY
= 0.019 cm-mrad. This is expected to drop to 0.01
cm-mrad at 1.5 MeV, but is already much brighter than
other high current sources.
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SUMMARY
The MEQALAC [1 ] (an acronym for Multiple-beam Electrostatic
Quadrupole focused Linear Accelerator) is a newly developed system for
accelerating very high current beams without space-charge neutralization. By
using a matrix of electrostatic quadrupoles, current densities near the ChildLangmuir limit can be achieved for very large currents. Since typical diameters
for each beam run around a few mm, typical application allows tens of
thousands of beams per square metre to be operated. Furthermore, since each
beamlet is stable, the current can be transported for arbitrary distances.
Reference [ 1 ] gives examples of the MEQALAC concept for heavy-ion linear
accelerators for inertial fusion, as well as application to the high-energy neutralbeam generators needed for magnetic fusion. In addition, the concept is applied
to electron beams and used to generate high-frequency RF (the MEQATRON).
The possibility of using the MEQATRON for the generation of 100-GHz RF
power for ECH is discussed in Ref. [2].
The significance of the MEQALAC concept for heavy-ion fusion is that it
allows high currents of very low energy heavy ions to be accelerated with
relatively high frequency RF systems. The key requirement for HIF is sixdimensional phase-space density. Typical MEQALAC designs give rise to
densities ~1000 times higher than previous designs. Results obtained with the
Ml MEQALAC (9 beams) will be used to illustrate the attainment of these densities.
The MEQALAC system allows tens of ampères of H~ to be accelerated in a
single array. The acceleration to hundreds of kV can be done with low-voltage
drift tubes of a few kV. The need for high-gradient accelerating columns is
eliminated. Furthermore, the accelerator can be remote from the fusion device,
and the beam transported within the quadrupole arrays for arbitrary distances.

* Work done under the auspices of the US Department of Energy.
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In a fusion reactor scenario this is an important consideration. Furthermore,
since the array is nearly solid, practically no neutrons or tritium will backstream
more than one or two metres. This property is also useful for effectively
isolating the vacuum in the accelerator from the reactor vacuum.
The MEQATRON obtains its advantage for the generation of mm-wavelength
radiation because of the small diameter of each beam. In a typical klystron,
high power requires high-voltage beams. Since the MEQATRON obtains its
power through the use of many small beams, much lower voltages can be
used to achieve the same power level. Because the focussing arrays are so
simple and inexpensive, relatively long bunching drift-spaces can be employed,
with the result that very high efficiencies are possible. Adiabatic capture
using several "bunchers" can result in 90% of the beam energy going into RF.
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Abstract
MULTI-MEGAJOULE HEAVY-ION INDUCTION LINAC.
One of the most promising Inertial Confinement Fusion (ICF) igniter concepts is the
heavy-ion induction linac system. A driver providing a beam of heavy ions has the potential
advantages of a short ion range in the target material, a very large power transport capability,
and the ability to produce high power densities at distances of 5 —10 m from the final lens
elements required in a power-producing reactor. - Many driver configurations are possible,
and it has been generally found that the driver would be the dominant cost item in a power
plant. Some preliminary results obtained from a design and cost optimization computer
program for an ion induction linac accelerator are presented. An estimate of the effect of
ICF system cost on the cost of generated electricity is made.

1.

Introduction

For electrons, the induction linac has been
well-established as a high-current (> 1 kA), high-brightness
accelerator with high repetition rate, good electrical
efficiency, and high operational reliability.L1»2J in such
accelerators the electrons are injected at a speed close to
that of light so that the beam current, I, and pulse
duration, t, remain constant along the machine. The
Work supported by the US Department of Energy under Contract No. W-7405-ENG-48.
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transverse focusing system is a relatively minor part of the
system, and longitudinal focusing is not necessary. The
design procedure thus becomes one of designing a single
accelerating module appropriate to the chosen I and t; the
accelerator consists of a sufficient number of such identical
modules to achieve the desired final beam energy.
For heavy ions at non-relativistic (v < .5c) velocities,
the focusing requirements dominate the low-energy end of the
accelerator, and near the ion source make alternate
accelerator types such as pulsed drift-tubesL^J
preferable. At the high-energy end the required heavy ion
currents and pulse durations are comparable to those attained
with electrons, and the machines show some similarity. The
character of the induction linac therefore is expected to
change significantly along the machine. The ability to
achieve current amplification by modest differential
acceleration with slightly ramped voltage pulses is an
important degree of freedom, but it comes at the price - to
the designer - of allowing a free choice within wide limits
of the beam current at any point along the machine. The
upper bound on current is set by the transverse space charge
limit; on the lower side, while there is no physical bound,
in general one finds that a decrease in current for fixed
total charge is accompanied by a decrease in electrical
efficiency and an increase in cost. The particle mass and
charge state may be selected from a large set of acceptable
candidates, and also the integrated voltage, Vf, (kinetic
energy/charge-state) is a matter of choice within limits
since only the product, (ItVf) = Q, is specified for a
driver delivering Q joules to the target. The design
procedure for a heavy ion induction linac for this
application is much less transparent than for electrons even
without considering the further target requirements of energy
and power densities.
2.

Target Design Considerations

Calculations show that a specific energy of at least 20
MJ/g is needed to drive a target capsule implosion; hence the
ion beam must deposit Q > (4irr2R)(2xl07) joules in a
spherical target where r is the target radius in centimeters
and. R is the ion range in grams per square centimeter. We
find that targets with radii of several millimeters are
appropriate for power production designs.
For a given total beam energy, the minimum target radius
places an upper limit on ion range and therefore on the ion
kinetic energy. This limit on ion kinetic energy strongly
influences accelerator design.
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input energy, ¡ouïes

and double-shell capsules.

Two types of targets are under consideration. A single
shell capsule is simple but relatively sensitive to small
variation in input pulse shape. A complex double-shell
design achieves high gain at lower power and is less
sensitive to input pulse shape. Pulse shaping would be
achieved by controlled bunching in the final beam transport
lines.
Fig. 1 is a plot of single-shell and double-shell capsule
gain (the ratio of thermonuclear energy produced to input
energy supplied) obtained from computer simulations. The
single-shell capsules exhibit a flatter gain curve than the
double-shell capsules. The rapid decrease in double-shell
gain at lower energies results from the failure of the
thermonuclear burn to propagate from the inner to the outer
fuel compartment.
A single-shell capsule that needs 3 MJ of energy
typically requires a peak power of about 300 Tw. A
corresponding double-shell capsule might require only about
half as much peak power. If we assume purely hydrodynamic
scaling, the peak power requirement is proportional to the
2/3 power of energy.

3.

Accelerator Design Approach

Because of ion source and very-low-energy transport
considerations, the source current is limited to about ten
amperes, whereas many kiloamperes are needed at the target.
The required current amplification can be accomplished by a
combination of increased particle velocity and decreased
physical bunch length, as allowed by focusing limits,
followed by an implosive longitudinal compression in the
final transport lines to the target chamber. In the final
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transport lines the beam is first split into 4 beams
transversely, and finally it is subdivided into 16 or more
beamlets for proper focusing on the target. While eventually
it would be desirable to include the source, low energy
accelerator, final transport lines, and final focusing lenses
in a comprehensive systems study, we have concentrated on the
induction linac portion from 50 MV to final energy because it
is the major cost item. Cost savings arising from
improvement in the appendages at either end of the linac are
limited to the cost of the presently non-optimized injector
and final transport, which amount to about 10 percent each.
We have been studying the induction linac under the
assumptions that a suitable 50 MV injector is available to
supply any ion with any charge state, that the final
transport is relatively insensitive to accelerator choices,
and that the final buncher section of the accelerator is the
same as a standard accelerator section with only slightly
increased voltage ramping.
4.

Methodology

To address the main part of the system, viz. the
Induction Linac, a computer program (LIACEP) has been
developed to sort through the possible engineering options at
each voltage point, V, along the machine and to generate the
desired cost and design information
We start by specifying an ion species, charge state,
transverse emittance, betatron tune depression and
accelerator repetition rate. Next, a total beam charge
sequence to be explored — 30 yC, 60 yC, 90yC ..., etc. is
specified. Then at any voltage point, V, along the
accelerator the cost consequences of adding a further 1 MV
are examined. The independent variable is chosen to be the
current, I, with the magnet occupancy factor, k, for a
symmetrical F0D0 lattice, as a separately varied parameter
(e.g., k = .50, .33, .17, .10, .05, etc.). In this way a
matrix of differential costs for each value of k and current
are generated. The minimum cost option can be determined and
the cost/benefit ratio of departing from the minimum can be
examined. To determine the minimum cost accelerator, the
unit costs are integrated over the voltage range considered.
Several design configurations and core materials are explored
(See [4]).
The sensitivity of cost and efficiency to the
space-charge limited current seems a general feature and it
becomes important to have a good understanding of what
betatron tune depression can be safely tolerated in the
transport system. At present a phase-advance per period of
60 deg. with no current, depressed to 24 deg. at maximum

441

IAEA-CN-38/P4-3
PARTICLE ENERGY
UPPER LIMIT
FOR TARGETS

= 6 0 ' - 24°
é n = 3 x 1 0 ' 5 i r m rad
1 pulse per second

A->)

PARTICLE KINETIC ENERGY, GeV

FIG.2.

Representative

accelerator cost results from the LIACEP

program.

3 MJ DRIVER
Al)= 60-24*
1 pulse per s e c o n d

10 GeV U

GeV Tl

5.5

GeV Cs

NORMALIZED EMITTANCE, 6 n ( x 1 0 _ \ m rad)

FIG. 3. A ccelerator costs for
thallium, and cesium ions.

uranium,

442

FALTENS et al.

current for a K-V distribution is used to specify current,
beam diameter, and focusing magnetic field strength.
[4,5]
5. Results
For driver accelerator beam energies to 10 MJ, a matrix
of accelerator parameters has been considered for induction
linac accelerators with the LIACEP program.
MATRIX OF DRIVER ACCELERATOR PARAMETERS
Ion Type: Cesium (133), Thallium (204), Uranium (238)
Charge State: +1, +2, and +4 (+1 only for Thallium)
Normalized Beam Emittance: 2, 3, 4, and 6 (x 10-5 Trm-rad)
Electrical Beam Charge: 25 - 1000 yC (in ten suitable
increments)
Repetition Rate: 1 hertz
A typical set of accelerator cost results is given in
Figure 2. Shown is minimum accelerator cost as a function of
particle energy and beam charge for uranium +1. Superimposed
are 1, 3, and 10 MJ iso-beam-energy curves. Also shown is a
suggested particle-energy versus beam-energy curve which
represents the target physics requirements. This example
shows driver accelerator cost scaling as Q 0 « 6 . Total
driver cost, which includes the injector and final beam
transport, will probably scale close to the square root of
beam energy for this case.
For other ions, charge states, and emittances, the
results take the same form as those shown in Figure 2.
Figure 3 shows a comparison of accelerator costs for the
three ion types considered for a 3 MJ driver. We see here
that the trend is for driver accelerator cost to decrease
with decreased ion atomic mass. The normalized emittance
required for the minimum cost accelerator increases with
decreased ion mass. Other work shows that for a given ion
and normalized beam emittance minimum accelerator cost
decreases with increasing charge state, but not in simple
proportion because of the constraint imposed by transverse
stability on electrical current. The accelerator cost
increases only slightly with increasing repetition rate.
For a 3 MJ driver total accelerator length is 10 km and
efficiency is 13 percent at 1 hertz, increasinq to about
25 percent for 10 hertz. The accelerator efficiency is the
total beam energy divided by the sum of the energy consumed
by the transport magnets during the interpulse interval and
the energy consumed by the pulse modulators which drive the
induction modules. The efficiency of acceleration increases
along the accelerator, as the transportable beam current

IAEA-CN-38/P-4-3

443

increases, to a value near 50 percent. The above results all
pertain to cases where the accelerator capital cost is the
parameter which is minimized, but the program also could be
used to maximize efficiency or some other parameter. Moving
off of the optimum point by a small amount with any one
variable is not expected to change costs significantly.
It must be emphasized that these cost studies are useful
as a design guide and as a tool for identifying the cost
sensitivity to any of the input assumptions and engineering
options and costs and the absolute value of the cost figures
should be treated with caution.
6.

Economic Feasibility

The economic feasibility, simply translated, means that
the capital costs of the facility are not too much more than
the costs of other energy systems. For a fusion energy
system, since the fuel costs are generally assumed to be
negligible, the critical parameter is the amount of
recirculating power. The net power P ^ E J is given in terms
of the total power P J Q J by
PNET = (1 - f)PT0T
where f, the fraction of power recirculated, is given by

f = UgeH
in which n is the electrical conversion efficiency of the
driver, g is the pellet gain, and E is the overall
thermal-electric conversion efficiency of the power plant.
The value of P T O T / ^ N E T "*S plotted in Fig. 4 as a function
of driver efficiency n for the case of a 3 MJ/pulse driver.
The pellet gains assumed are g = 100 for the optimistic case
and g = 50 for the pessimistic case. The thermal-electric
efficiency is assumed to be one third.
The lowest cost source of electrical power available today
for new, large-scale construction, is the light water nuclear
reactor. In 1977 dollars, Rossin and RieckL°J found that
the busbar cost of nuclear power was $0.035/kWh including 20
percent for fuel. If, for the sake of simplicity, one assumes
that the capital cost of the ICF power plant is the same as
for a light water reactor power plant, expressed in dollars
per total kilowatts, then the ratios shown in Fig. 4 show by
how much the cost of ICF generated power will exceed the cost
of light water reactor power.
The above assumptions ignore the cost of fissile fuel and
the cost of the driver system. If the cost of fissile fuel

444

FALTENS et al.
P T O T ' P N E T ^

1

-

1

' ^ "

1

^

6 = 33.3%

g = 50
g = 100
4

s

12

is

2o

24

DRIVER ELECTRICAL CONVERSION EFFICIENCY,^

FIG. 4. Effect of driver efficiency and
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directly offset the cost of the fusion driver system, then the
above calculation would accurately predict the cost of ICF
power. With current technology, the best estimates for the
cost of a 3 MJ driver is around $1 billion, so that even if
the driver can operate two reactor systems rated at about 1
GWe each, the driver costs increase the cost of the power
plant by about 50 percent, not the 20 percent assumed.
However, since this form of energy will not be available until
20-30 years from now, the relevant fuel cost is the cost at
that future time, discounted for general inflation.
Historically fuel costs increase by 3 percent above general
inflation so that in 30 years the cost of the fissile fuel
would amount to half the cost of power, or just about what the
capital cost of the fusion driver would add.
Thus we conclude that there exists a scenario, obviously
lacking rigorous proof and therefore open to argument, that an
ICF plant could generate fusion power at cost as low as 12
percent above the cost of light water reactor power thirty
years from now. This assumes that the pellet gain is 100 or
more and that the driver efficiency is about 25 percent. If
the driver is a heavy ion accelerator, best current estimates
are that the efficiency would be 10-25 percent, depending on
rep rates. Finally, the cost of the pellets has been assumed
to be included in the operating cost, and the capital cost of
the pellet factory, including tritium separation equipment if
the D-T reaction is used, must be included in the cost of the
power plant.
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Abstract
NEUTRAL-BEAM INJECTOR RESEARCH AND DEVELOPMENT AT ORNL AND LBL/LLL
IN THE USA.
Neutral-beam injectors have been developed and applied successfully for injection
heating of PLT and ISX-B plasmas. Present and near-future injection systems for PDX, ISX-C,
Dili, MFTF and TFTR are similar in principle, although scaled in beam energy, current and
pulse width to meet the machine requirements. In addition, as shown in recent calculations,
an INTOR or ETF device will also utilize a positive-ion-based system with possible trade-offs
between beam energy, current and pulse length, i.e. beam energies of about 100 keV are
acceptable if the current and/or pulse length may be increased to appropriate values. Recent
direct energy recovery experiments have shown that a positive-ion-based system can be
expected to operate at an overall system efficiency of up to 50% if the beam energy is limited
to a value below 75 keV/nucleon. For injection energy above 200 keV, a negative-ion-based
neutral-beam injector may be needed. The performance highlights are reported of the
existing ORNL and LBL/LLL beam systems and the necessary R&D needs for future highefficiency, long-pulse beam systems.
* Research sponsored by the Office of Fusion Energy, US Department of Energy, under
contract W-7405-eng-26 with the Union Carbide Corporation.
' Consultant, Sigma Electronics Company, Oak Ridge, Tennessee.
ft Plasma Physics Laboratory, Princeton University, Princeton, New Jersey.
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ORNL NEUTRAL-BEAM SYSTEMS AND R&D

Four injectors were operated simultaneously on PLT,
which delivered a total injected power of deuterium neutrals
of 2.4 MW, resulting in a record high central ion temperature
of 6.5 keV[l]. Two improved injectors with modified extraction
geometry[2] were used to heat the ISX-B plasma to T.(0) - 1 keV
and <g > *v 2.2% with a net H° injection power of <laMW [3J.
Beam line design, nearly identical for both tokamaks, is
reported elsewhere[4]. Ion sources[5] are based on the
duoPIGatron concept with a magnetic line cusp confinement
geometry around the anode chamber and a three-grid accelerator
column having 1800 apertures in a 22-cm-diam. circle (and see [6-9]).
Four injection lines are being constructed for the PDX
tokamak at Princeton with an injection power of 1.5 MW of H°
per beam line. ORNL is responsible for the beam line[10]
design and the development of all the ion sources, each
capable of 50 keV/100 A[ll]. The PDX beam line design differs
from the one for PLT/ISX-B in that a large, rectangular drift
duct is cryopumped in an attempt to reduce reionization
losses. Two similar beam lines have been fabricated for the
ISX-B upgraded injection experiment and will utilize the same
ion source as that for PDX. Using ORNL's reliable[12,13] and
fast[14] numerical computation of ion optics, four different
ion emission geometries have been built and tested[ll,15].
As shown in FIG. 1, the beam transmission efficiency to a +2°
target is improved from 40% IV (ion beam power) to 70% IV.
The ion emission geometry in the plasma grid for each case is
also shown. As of this writing, the first PDX source has
achieved full parameters of >1.5 MW H° at 50 keV/0.3 s, with
>90% reliability[16]. This source also achieved 2 MW D° at
53 keV/0.1 s. A unique feature of this source is shown in
FIG. 2: ^93% proton yield at the beam dump that translates to
-v85% at the ion source.
Looking toward future fusion experiments, the desired
characteristics of neutral-beam systems are high power, high
efficiency and long pulse. For example, experiments on ETF
and INT0R require >50 MW D° at 75-100 keV/nucleon. Hence,
each of three beam systems will need at least a 300-A total
ion-beam current. Subsequently, a 150-200-keV/100-A class
ion source requires development. The anticipated injector
pulse lengths of 20-30 s will require ion-source improvements, particularly in the electron feed and ion accelerator,
to ensure stable and reliable operation. Moreover, the
severity of the anticipated power density of the unneutralized
ion fraction to the ion dump will require the use of an
advanced ion-removal scheme such as energy recovery. The
successful development of energy recovery of unneutralized
ions will boost the system efficiency at least by 50%.
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To meet high-current, long-pulse requirements, alternative
electron feeds such as hollow cathodes and indirectly heated
cathodes are being studied and developed. The initial results
of hoilow-cathode development are very promising[17]. Arc
discharges of 10 s and ion beams of 6 s have been operated
reliably with a hollow cathode.
To address the thermal problem associated with the ion
accelerator, the cross-section of the ion-emission surface is
changed from circular to rectangular, resulting in increased
cooling that should improve grid stability from thermal deformation. Improvements of beam optics are needed not only
for reliable long-pulse operation but also for maximum neutralbeam transmission. Efforts to improve ion optics have been
directed mainly toward (1) the mitigation of aberration
effects by shaped apertures, (2) the minimization of source
plasma noise level, and (Z) the optimization of multistage
acceleration, including the precel concept[13]. Ion beams at
an energy of 110 keV have been extracted from a two-stage
accel system. Beam optics of 0.6° HWHM were measured, and a
beam transmission efficiency of 80% was measured at a target
subtending ±2°,
The single most important aspect of an ETF/INTOR positiveion-based system is the energy recovery of the unneutralized
component of the beam discharged from the gas charge-exchange
cell. In present-day systems, this part of the beam is
deflected by a magnet to water-cooled plates on which the
power is dissipated. The long-pulse, high-energy capability
of a future system will no longer permit such an operation for
two reasons: (1) the energy waste is excessive, and (2) the
power dissipation level for a reasonably sized system is
beyond present-day technology. The direct energy recovery of
the unneutralized beam component of the atomic ion species
has been successfully demonstrated at ORNL using the principle
of crossed magnetic field blocking [9] of the electrons contained
in the gas charge-exchange cell. A recovery efficiency between
60 and 90% has been measured for 40 kV H at M).3 in the ion
density required for ETF. FIGURE 3 shows a schematic of the
device.
Employing the above energy recovery technique, a conceptual
beam line for ETF or INT0R is shown in FIG. 4. Three 100-A
ion sources for each of three beam lines are required to
achieve about 50 MW D° at 75-100 keV/nucleon assuming a 7-mlong beam line and a 0.5-m2 injection aperture. The fourth
ion source is included to ensure system reliability. In this
conceptual design, optimum beam penetration, startup, operating
scenarios, and intensive neutron environment are also considered.
Development of such systems needs to start almost immediately
to ensure their availability when these future experiments
are begun.
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FIG.4.

ETF conceptual beam line.

Two proof-of-principle experiments employing surface
plasma production of negative ions are being investigated[18].
On one, the modified duoPIGatron, currents of 0.5-1 A have
been extracted. On the other, the.modified calutron, analysed
currents of ^50 mA/cm2 have been extracted at 25 kV for
several seconds. Electron energy loss is negligible.
2.

LBL/LLL NEUTRAL-BEAM SYSTEMS AND R&D

The Lawrence Berkeley and Livermore Laboratories Neutral
Beam Development Group's work proceeds along two lines. The
first is required for the near-term applications Ce-gMFTF, TFTR and Dili), which require injection at energies up
to 120 keV, ion currents per module up to 80 A, and pulse
lengths >0.5 s. These systems are based on the acceleration
and neutralization of positive ions.
The second part of our program is devoted to development
for longer-term applications: positive-ion-based systems
with 150-200-keV/65—lQO-A/10—30-s modules and, somewhat
later, negative-ion-based systems for injection at 200 keV
and higher energies.
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Several full-scale 80-120-keV/65-80-A/0.5-s positive ion
sources have been built and tested with a short-pulse (25
ms), high-voltage power supply after one-fifth to one-fourth
area modules had been tested for the full pulse length (0.5 —
1.5 s ) . A full-size TFTR-type source has been operated at
120 kV/60 A/0.5 s with deuterium at the LBL/TFTR Neutral Beam
Engineering Test Facility (NBSTF). A water-cooled 120150-keV/15-A dc module has been built, and testing is in
progress; the construction of a full-scale 50-A module has been
started. Direct recovery of the energy of unneutralized ions
is an important long-range objective. Experiments with 100keV helium and hydrogen beams showed over 50% power recovery
efficiency.
The negative-ion program has concentrated on production
of negative deuterium ion beams by double charge exchange in
cesium and sodium vapors. D currents of about 2 A have been
obtained. Recently, a surface-formation negative-ion source
has been built; it produces about 0.5 A of negative ions in
long (30-s) pulses.
A large part of our effort in recent years has been the
development of suitable test facilities. In the process of
designing and constructing them, it has been necessary to
develop new concepts and components for the high-power electronic circuits and new diagnostic technology. Two neutralbeam facilities, the 80-100-kV/65-100-A/1.5-s HVTS at LLL and
the 120-kV/65-A/0.5-s NBSTF at LBL, have sufficient neutron
shielding to permit extensive operation with deuterium. A
150-kV/15-A/5-s facility (TSIIIA at LBL) has recently been
completed for testing fractional-area advanced positive-ion
sources.
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DISCUSSION
F. BOTTIGLIONI: Could you comment on the possibility of operating the
ORNL energy recovery system in pulses of very long duration (several seconds)?
H.H. HASELT.ON: This system relies on magnetic fields to control the
plasmas in the energy recovery region. Therefore, heat-sensitive elements are not
placed in the high-power density beam. This technique is particularly suited to
long pulses.
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Abstract
HIGH-POWER NEUTRAL-BEAM INJECTORS AT FONTENAY-AUX-ROSES.
Activity on high-power neutral injectors at Fontenay-aux-Roses is described.
Experimental facilities, main programme trends and experimental results are presented.

1.

INTRODUCTION

The activity at Fontenay-aux-Roses (FAR) on high-power neutral beams
has, at present, the following objectives:
(a) Injection in TFR-600 (NI TFR-600). Two lines, each projected to
yield 2 MW of extracted power, are in operation on the machine.
(b) Realization, tests and conditioning of the ASDEX injectors (NI
ASDEX). A prototype has been successfully developed, and the series production
is now under way.
(c) Neutral-beam injection on J E T (JET NI development). The FAR
team participates, with the JET and Culham Laboratory teams, in the definition
of the injection lines and, expecially, in the design of the injector itself (PINI —
Plug-In Neutral Injector). One of the two planned prototypes will be tested in
our Laboratory. FAR has, however, been more particularly committed to the
development of the 160-ke V D 2 injectors for JET.

2.

EXPERIMENTAL FACILITIES
The experimental facilities are listed in Table I.
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TABLE I. FAR NI FACILITIES

TFR 600
L.E.O,

M.M.I.I.

10

1

30

5

3

1

0.3

1.5

1.5

2xl0 5
OIL
DIFF.

2x10
CYL.
CRYOPUMPS

A.P.T.L.

A.S.C.B.

M.W.B.L.

1

1.7

13

1.8

3.2

5

0.45

1

LINE

D.T.B.

(EACH)
VOL (nf5)
L (m)
<¡> (m)
FLANGE
PUMPING
SPEED
(1/8)

4
5x10
Ti
GETTER

4
8x10
Ti
GETTER

ION DUMP

YES
TFR
FRINGE-B

YES
VERTICAL
B FIELD

DIAGN.

CALORIM.

H.V.
POWER
SUPPLIES

2x
60 KV
25 A

TETRODES

2 EIMAC
Y 676

ARC
SUPPLIES
OPERATION

4X10 5
CRYO
PANELS

10 4
OIL
DIFF.

POSSIBLE

E.S.B.D.

POSSIBLE

CALORIM.
ELECTRIC
BEAMLET

CALORIM.
ELECTRIC
MAGNETIC

4x
60 KV
20 A
+
100 KV
40 A

C = 0.4yF
V = 600 KV
pulsed
+
C = 2pF
(1981)

100 KV
40 A

60 KV
40 A

1 BBC
CQK 200-4

5x
300 V
150 A

300 V
400 A

300 V
1000 A

500 V
5000 A

NOW

NOW

END 1980

NOW

TETRODES

EIMAC [Y 676 : 60 KV

DATA

BBC

300 V
80 A
END 1980

40 A ] [206 ZK : 120 KV
90 KV

NO

YES
MAGNET
or
E.S.B.D.
AS IN
M.W.B.L.

2 BB C
CQK 200-3
1 EIMAC
206 ZK

1 EIMAC
Y 676

[CQK 200-3 :

7.5

2xl0 5
Ti
GETTER

CALORIM.
ELECTRIC. AS IN
A.P.T.L.
OPTICAL
MAGNETIC

50

60 A ]

[ CQK 200-4 :

350 V
1500 A
END 1980

60 A ]
130 KV

90 A ]

1982
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2.1. Test lines
Besides the TFR-600 injection lines, two more test beds are in operation:
the MegaWatt Beam Line (MWBL) for the JET NI development and the ASDEX
Prototype Test Line (APTL). In 1980, also the ASDEX source conditioning bed
(ASCB), the beamlet test facility LEO (Ligne Etude Optique) and a newly
re-equipped tank (MMII), for the PINI Periplasmatron tests, will be ready.
The D-injector test bed (DTB) will be ready in 1982 and will receive the PINI
prototype during 1983.
2.2. High-voltage power supplies and protection systems
For NI TFR-600, four 60-kV, 25-A supplies are used, each with a series
tetrode protecting two or three sources in parallel. ASDEX and JET NI
developments will have two 100-kW, 40-A and five 60-kV, 20-A suppliers,
which can be connected in series or parallel. For the high-voltage protection,
one or two [ 1 ] commercial tetrodes in the range of 100 kV, 60 A are used.
The high-voltage is switched off in 10-jus and recovered after 1 ms or more.
2.3. Diagnostics
All the present calorimeters are fitted to short pulse lengths.
In TFR, an uncooled retractable graphite target (23 X 25 X 1 cm 3 ),
standing up to 10 kW-cm -2 , gives the beam profile and power from twelve
thermocouple measurements made just after the beam shot and a few
minutes later.
On the ASDEX test line, a calorimeter, 3.2 m downstream, with five
concentric rings (0 = 3, 8, 15, 20, and 25 cm) gives the radial power distribution,
both the neutral and for the total beam since a vertical magnetic field, acting
over 1 m, can be operated. This field is also used to investigate the source
sensitivity to the stray B-fields, thus simulating the working conditions on
tokamaks. The beam profile and its time dependence are obtained from
41 collectors set up in a cross-shaped arrangement on a retractable target in
front of the calorimeter. The beam composition is measured by magnetic
deflection. Beam profile and composition are also obtained, in one shot, by
measuring, 60° away from the beam direction, the Doppler-shifted Balmer lines
emitted by the excited fast neutrals [2]. A computer data acquisition of the
source parameters and of the diagnostic data is in operation.
In the MWBL, the total beam power was measured at the neutralizer end
on a cooled Cu-target (16 X 45 X 1 cm 3 ); the single-beamlet divergence and the
beam profile were measured by three secondary emission detectors behind the
calorimeter. After the electrostatic beam dump (ESBD) has been installed,
neutral-beam power and profile are now measured 5 m downstream on a Cu
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TABLE II. FAR INJECTORS - PRESENT STATUS
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calorimeter (33 X 60 X 0.8 cm 3 ) with three thermocouples, 56 secondary
emission and three beamlet divergence detectors. Magnetic analysis of the
beam composition is planned. So far, only the species fractions in the source
have been measured [8].

3.

PROGRAMS AND RESULTS
The present status of the FAR injectors is shown in Table II.

3.1. NI TFR-600 [3-5]
H or D neutral beams are co-injected from two lines diametrically opposed
and aimed 15° from the radial direction. Each line houses, in a vertical plane,
five circular duopigatrons, an upgraded version of those used in the former
TFR-400 injection experiments.
Gas is fed by individual piezoelectric valves in order to limit the gas influx
into the torus. Progressive increase of power is under way; by now, 400 kW
have been extracted at 40 kV from each source and more than 2.3 MW at 35 kV
from the ten sources operating simultaneously.
3.2. NI ASDEX [3, 6, 7]
For neutral injection on ASDEX (two lines with four injectors each), FAR
has been committed by the Institute for Plasma Physics (Garching) to deliver
operational injectors. The source is a circular periplasmatron, with an extraction
surface of 16 cm diameter; the extractor is an uncooled three-grid system
made of molybdenum (Fig. 1 ).

FIG. 1. ASDEX injector.
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In the first phase, a prototype has been developed which fulfils the contract
specifications on reliability, performances and their reproducibility. Qualification
tests carried out during 1979 have proved the high quality of the injector in a
succession of more than one thousand reproducible shots in H2 (reliability
better than 95%) at nominal extracted power (24 A, 40 kV, 200 ms). The
total transmission efficiency 177 (ions + neutrals), on a calorimeter 3.2 m
downstream, simulating the ASDEX entrance port, is about 0.65. The corresponding
neutral-beam power is 400 kW, and the neutralization efficiency T?N — 0.65—0.7.
The Gaussian beam profile has a divergence of 6 < ± 1.1 ° at the best matched
perveance of 3 /xA/V1-5. The second phase, now in progress, concerns the
manufacture and conditioning tests of nine injectors, scheduled to be delivered
by the end of 1980. The limiting working conditions of uncooled grids are under
investigation, and final specifications for a reproducible series production are
being worked out. Emphasis is also placed on the optical measurements of
beam profile and composition [2].
3.3. JET NI development [3, 8]
The FAR collaboration with the JET and Culham teams has resulted in the
definition of the PINI. The rectangular sources, either periplasmatron or
'bucket', should yield 4.8 MW of extracted power from an area of 45 X 18 cm2
(Jg X = 0.23 A-cm - 2 ) at an energy of 80 or 160 keV for, respectively, an H
or a D beam, in pulses of maximum 10 s. The beam divergence must be less
than ±0.7. The Di-injector development involves work on breakdown problems,
high-voltage protection systems, 160-kV optimized beam optics, alternative
operating schemes, such as that tested, at present, in the MWBL, consisting in
an earth-connected source, a neutralizer at negative high voltage, coupled with
an ESBD (Fig.2). The source is a periplasmatron with a 40 X 12 cm2 extraction
area (Fig.3). From the uncooled three-grid stack (four grids are possible), a
hydrogen beam of 40 A and 80 keV with a divergence of ±0.7° has been
extracted during pulses of 100 ms. The current density Jg X is 0.23 A-cm - 2
and the matched perveance is 1.9 ¿¿A/V1-5 (Fig.4). The total transmission
efficiency, measured 2 m downstream, is better than 0.85, about 5% less than
what was expected from re-ionization and charge-exchange losses in the
extraction system (Fig.5). So far, these results nearly fulfil the PINI requirements for H operations. The operating voltage will be progressively increased
up to 160 kV. The beam dump, installed recently, consists of an equipotential
box all around the beam ( 16 X 85 X 120 cm 3 ), baffled on the vertical sides
for pumping (C = 4 105 l i t r e s - 1 for H2) and a few kV more negative than the
neutralizer in order to confine the neutralizer electrons and to collect the
beam ions. Preliminary results up to 50 kV show that the ESBD basically
works as expected; nevertheless, its effectiveness will depend on how the
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FIG.2. Megawatt Beam Line.

Q)Anode ( D Filaments (§) Intermediate etectrodes ©Extraction grids

FIG.3. Rectangular periplasmatron (40 X 16 cm2).

additional power, the secondary electron current and the gas production will
scale with beam energy and power. Because of the low stray capacitance of
this scheme, damaging effects of the high-voltage breakdown could be reduced.
In this connection, the high-voltage hold-off between small Cu electrodes in
vacuum is not reduced even after breakdowns of 30 J in gaps of 20 mm
width [9]. For the optimization of the 160-kV extraction system, a computer
program (SLAC Stanford) will be used in combination with experiments on a
single-beamlet test facility (LEO). Longer pulse tests will be operated after
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successful construction of cooled grids. Some difficulties are due to the extractor
type chosen; in fact, a tetrode system, requiring grids of about 3 mm, presents
serious constructive problems for cooling. The full-size periplasmatron for the
PINI will be manufactured and tested at the beginning of 1981. The main efforts
will concentrate on low-pressure operation and proton yield optimization.
After the construction, the PINI prototype will be tested on the MWBL at
160 kV and 40 A in H2 up to the end of 1982. The line could be operated either
with the source at positive high voltage or connected to earth potential.
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CONCLUSIONS

The activities under consideration rely on a team totalling 35 professionals
and technicians. Electronic and spectroscopic groups provide support for data
handling and optical diagnostics. In addition, the set of experimental facilities,
concerning test beds, installed high-voltage power and diagnostics, enables FAR
to meet not only the programme now in progress, but also future needs such
as the T2-S injection and the post-JET injection development.
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DISCUSSION
B. BRUNELLI (Chairman): Do you have a programme at Fontenay-auxRoses on energy beam recovery for long pulses?
F. BOTTIGLIONI: I don't think there are any energy recovery systems,
either at Fontenay-aux-Roses or elsewhere, operating on long-duration high-power
beams. The system tested at Fontenay a few years ago - the results of which
were reported at the Berchtesgaden Conference in 1976 — worked satisfactorily
but was not suitable for large energies since it relied on a thin, highly transparent
grid to suppress electrons. Our present electrostatic beam dump could, in
principle, be transformed to recover energy for longer times, but the efficiency
would be lower since the electron suppressor is made of thick copper plates.
R. HEMSWORTH: Do you observe any enhanced beam losses (during
transmission through the duct) when using the high-power injectors in TFR?
F. BOTTIGLIONI: The total beam transmission (ions plus neutrals) has
been measured on a retractable graphite target inside the TFR liner and has
been found to be 0.7—0.75 for 30—35-keV beams. This transmission factor
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accounts for losses all along the line, the entrance duct of TFR included. It can
be seen from these figures that losses are not appreciably enhanced inside the
duct. However, more detailed beam transmission measurements, especially
in from of the entrance duct, are planned.
R. HEMSWORTH: What is the voltage stress in the ASDEX sources?
F. BOTTIGLIONI: It is 4 0 - 4 3 kV in a 6-mm gap.
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Abstract
DEVELOPMENT OF SUPERCONDUCTING MAGNETS FOR USE IN NUCLEAR FUSION
MACHINES.
A brief summary is given of current efforts and future plans in development of superconducting magnets for tokamaks and mirror fusion devices.

Superconducting magnets will be essential in, practical fusion power
reactors. Although superconducting magnet technology for other applications is reasonably well established, magnets for fusion devices involve
important departures. Development of fusion magnets is therefore a
major undertaking which is being pursued in several countries and with a
significant degree of international cooperation.
Substantial development efforts are being made today both on
tokamak magnets and on magnets for mirror devices. A superconducting
magnet was successfully employed in the Baseball mirror machine, which
began operation at Livermore in 1971. A much larger magnet in a yinyang configuration is being constructed at Livermore for use in the

* Research sponsored in part by US Department of Energy under contracts with Union
Carbide Corporation and Lawrence Livermore National Laboratory.
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Mirror Fusion Test Facility (MFTF). Tokamak-7, which utilizes superconducting toroidal field coils, is in operation at the Kurchatov Institute. Development of superconducting coils is progressing for T-15 in
the USSR and Torus II Supra in France. A small experimental superconducting toroidal field magnet is being assembled at Karlsruhe, and six
different 2.5 x 3.5 m D-shaped coils prototypical of tokamak reactor
coils are being designed and built by EURATOM, Switzerland, Japan and
the USA for testing at Oak Ridge.
Although magnet configurations and operating requirements differ
widely among various fusion reactor concepts, some fundamental problems
are common to all. Critical areas are thermal insulation (vacuum enclosures), conductor and coil design to control internal heat production,
and distribution of helium to limit conductor temperature by effectively
absorbing the heat that is produced. Operation of large cryogenic
systems with reactor grade reliability is in itself a significant development .
The choice of superconductor material for the near future is limited
to niobium-titanium alloys and the intermetallic compound Nb 3 Sn. The
superconducting regime, which is bounded by temperature, magnetic field,
and current density, limits the practical application of NbTi to about
8 T peak field at 4.2 K (the boiling point of helium at atmospheric
pressure) or perhaps 10 T at the lowest achievable temperatures. Nb 3 Sn
retains its superconducting properties at higher fields and temperatures
but has a lower tolerance for mechanical strain. The maximum practical
fields in Nb 3 Sn magnets for fusion machines are likely to be set by
mechanical considerations rather than superconducting capabilities,
which are acceptable at fields up to about 17 T.
Pulsed fields in a tokamak impose problems of heating and cyclic
forces that complicate the design of stable superconducting magnets.
Various concepts differing in performance, complexity and cost have
been proposed.
Several different large toroidal field (TF) coils are being built
and will be tested through the Large Coil Task (LCT), in which six major
industrial teams in four countries are designing and building one test
coil each to a common set of specifications. Concurrently the Large
Coil Test Facility (LCTF), with a 6-coil toroidal test stand, is being
built at Oak Ridge. Each LCT test coil will have a 2.5 x 3.5 m D-shape
bore and will operate at a peak field of 8 T while subjected to pulsed
fields and simulated radiation heating. Coils by Convair, General
Electric and Hitachi will use different NbTi conductors cooled by
boiling helium. Westinghouse is building a coil with Nb 3 Sn cooled by
forced flow of helium at supercritical pressure. Coils by Siemens and
Brown Boveri, for EURATOM and Switzerland respectively, will employ
similar cooling with NbTi conductors. Under the terms of the LCT agreement, the USA will be the operating agent for the LCTF and the participants will exchange information on their coils.
Large conductors suitable for use in TF coils at peak fields up to
12 T are being developed in several countries. In the USA, up to four
small coils using such conductor will be tested sequentially in the High
Field Test Facility (HFTF) at Livermore. Results will be combined with
the information on large coils from LCT to provide a basis for choosing
the concept for the Engineering Test Facility (ETF) coils.
Tokamak-15 will employ Nb 3 Sn cooled by forced flow of helium to
produce a peak field of 6 T at the coil windings, which are circular,
2.2-m bore. Nb 3 Sn was chosen to provide a greater temperature margin
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for stable operation. Torus II, on the other hand, will use NbTi but
will achieve a peak field of 9 T in the 1.8-m bore TF coils by cooling
the conductor to 1.8 K. The use of pressurized superfluid helium is
expected to result in especially good heat transfer and an acceptable
stability margin, even at the high field and high current density that
are envisioned.
For the pulsed poloidal windings of tokamaks, superconductors are
being developed that effectively limit the internal heating by phenomena
associated with time varying fields. The low tolerance of superconducting coils for nuclear radiation heating precludes their use in
proximity to a fusing plasma. The difficulty of developing low-resistance,
demountable joints may require that any superconducting poloidal winding
be located outside of the bores of the TF coils.
Mirror reactors, being steady-state devices, do not have the superconducting magnet problems associated with pulsed fields. The geometry
of some of the magnets does involve special problems of bending the
conductor in both directions and of ensuring cooling of the conductor
over the complete range of orientations with respect to gravity.
The MFTF will use NbTi in a pair of yin-yang coils producing a peak
field of 7.5 T. A conductor designed to ensure helium cooling and
cryostabilization in any orientation has been developed and has been
subjected to stability testing in a 1.0-m bore test coil at LLL.
Because of the importance of higher fields to the mirror reactor program,
development work on multifilamentary Nb 3 Sn was started at LLL in 1974.
The building of 12-T coils for the HFTF is the latest stage in this
program.
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Abstract
DEVELOPMENT OF TRITIUM TECHNOLOGY FOR UNITED STATES MAGNETIC FUSION
ENERGY PROGRAMME.
Tritium technology development for the US Department of Energy fusion programme
is taking place principally at three laboratories, Mound Facility, Argonne National Laboratory
and Los Alamos Scientific Laboratory. The paper reviews the major points of each of the
three programmes and looks at aspects of the tritium technology being developed at other
laboratories within the USA. Facilities and experiments to be discussed include (a) the
Tritium Effluent Control Laboratory and the Tritium Storage and Delivery System for the
Tokamak Fusion Test Reactor at Mound Facility, (b) the Lithium Processing Test Loop and
the solid breeder blanket studies at Argonne, and (c) the Tritium Systems Test Assembly at
Los Alamos.

MOUND FACILITY
Mound Facility has been actively involved in tritium
technology for over 20 years. Recently Mound has focused
most of its tritium technology development on tritium
containment and environmental control. The two components of
Mound's tritium technology development which are currently
most active and most relevant to fusion needs are the Tritium
Effluent Control Laboratory (TECL) and the Tritium Storage
and Delivery System (TSDS) project for the TFTR.

* Work supported by the US Department of Energy Office of Fusion Energy.
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The TECL was initiated in 1971 for development and demonstration of tritium containment. The goal of TECL is to
prevent any tritium release to the environment and to recover
for reuse all tritium released within the laboratory. TECL
consists of an integrated set of containment systems and
detritiation experiments. Tritium containment is provided by
gloveboxes, a glovebox atmosphere detritiation system (GADS),
a laboratory which can be isolated from the remainder of the
building, and an emergency containment system (ECS). The
GADS is a 0.05 m^/s helium purifier which continuously
cleans the glovebox atmosphere. The ECS is a 0.5 m-Vs
catalytic oxidation, water-vapor adsorption system for roomair detritiation. In addition, a 7.5 x 10~^-m^/s utility
air detritiation system of the oxidation-absorption type is
available for cleaning passbox atmospheres and for
non-standard applications.
Four tests have been performed to measure the efficiency
of the GADS and ECS in cleaning up after a tritium release in
a glovebox or a room. Glovebox cleanup was as predicted;
however, ECS tests showed substantial tritium loss through
imperfect exhaust duct seals. More tests are planned to
permit study of surface absorption and conversion to HTO.
This was the first test of such a large ECS system within the
United States.
Tritiated water vapor collected by the ECS or by other,
similar systems can be detritiated by the combined electrolysis catalytic exchange (CECE) pilotscale unit which is part
of TECL. The CECE incorporates a countercurrent flow of
water and hydrogen gas in two 2.5-cm-diameter, 7.5-m-longcolumns packed with a hydrophobic, precious-metal catalyst
which was developed by Atomic Energy of Canada, Limited.
Bottom reflux is provided by a solid polymer electrolysis
unit, whereas top reflux is provided by a catalytic recombiner.
Tritiated water containing 300 liCi/liter has been stripped
to
10~ 3 yCi/liter in the CECE at feed rates of approximately 4 ml/min of water. Although tests of CECE have not
been run long enough to accumulate an equilibrium concentration, values in the range of 1-10 mCi/liter are expected.
Part of the hydrogen generated in the electrolysis unit
can be withdrawn to be used as feed for the remaining TECL
component, a cryogenic distillation system. This system
includes a single 0.6-cm-diameter x 50-cm-long packed column,
operating at approximately 25 K. Bottom and top concentrations of 2500 Ci/nr* and 10""^ Ci/nr*, respectively, were
measured during one run with this column, for an enrichment
factor of 2.5 x 10°. Feed rates of 100 standard cubic
centimeters per minute are possible at this enrichment factor.
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The Tritium Storage and Delivery System (TSDS) has been
designed and is being constructed for Princeton Plasma Physics
Laboratory. TSDS will receive, assay, store and deliver
measured quantities of high-purity tritium to fuel the Tokamak
Fusion Test Reactor (TFTR) at Princeton. The TSDS consists
of a receiving manifold, uranium tritide storage beds,
transfer pumps and metering volumes,all contained in two
stainless-steël gloveboxes. In addition, a quadrupole mass
analyser and pressure-volume-temperature measuring equipment
permit assay of the tritium as received as well as confirmation that it has the required purity when it is delivered to
the reactor.
In operation, tritium received at TFTR is introduced to
the TSDS through the receiving manifold; and after being
assayed, it is pumped onto a uranium bed where it is stored
for future use as uranium tritide. During D-T operation of
TFTR, an appropriate tritium generator (storage bed) is heated
to raise the internal tritium pressure to about ^ to 1 atmosphere. Each time the reactor is to be fueled (as often as
every 5 minutes), the required amount of tritium is pumped
into a metering volume. The gas then passes through a
delivery manifold to three calibrated injection volumes near
the torus. Finally, injection to the torus is controlled by
a specially designed piezo-electric valve at each injection
volume. After a burn, the fuel is not recycled, but is
recovered by the TFTR vacuum system and stored for later
reclamation.
TSDS is designed to achieve the highest possible levels
of reliability, safety and tritium containment. The two
transfer pumps are interchangeable, two-stage, doubly
contained, metal bellows pumps, one of which is a spare. The
three interchangeable storage beds are each doubly contained
in stainless steel, with a provision for purging the secondary
volume of tritium which permeates from the primary container.
Each bed has a rupture disc sealed connection to an evacuated
"dump" tank. At any given time, one storage bed is active;
one is available for cleaning operations, and one is a spare.
Complete instrumentation is provided for TSDS to permit
accurate control and to promote safety. The tritium generators are provided with pressure sensors and redundant thermal
control and overtemperature protection.
Normal operations of the TSDS are performed remotely
through computer control of pneumatically operated valves.
All process valves are bellows-sealed, and the remotely
operated valves have position indicators to provide positive
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confirmation of valve position. In order to improve valve
reliability, valves were individually remachined to tighter
tolerances, recleaned and leak tested. The remachined
valves are reliable; four valves, tested after 25 000 cycles,
leaked helium at less than 2 x 10~9std cm 3 /sec across the
seat with a pressure differential of 6 x 10^ pa. Polyimide
seals are used in place of metal on process valves.
ARGONNE NATIONAL LABORATORY
The program on fusion-reactor research at the Argonne
National Laboratory includes a number of applied research
topics covering a variety of interrelated areas of fusion
tritium technology. The principal focus of this work is on
studies of fuel handling, breeder blanket processing and
tritium containment. These studies are both experimental and
analytical in character and have, in recent years, spearheaded
technological advances in a number of important fusionspecific areas which are described below.
IMPURITY ELEMENT

Modest advances have been made in recent years in the
study of liquid lithium processing. A 200-liter-capacity
system, the Lithium Processing Test Loop [1} (LPTL), has been
operated for over 9500 h. Cold trapping, reactive-metal
getter trapping, and a method based on molten-salt extraction
have been tested [1] using the LPTL and related facilities.
The ranges of the projected lower-limit impurity control
levels for the elements H (D,T), 0, N and C, based on these
tests, are shown in Fig. 1. Molten salt extraction offers
the best potential for developing a regenerable process
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capable of recovering tritium (from D-T reactor blankets) and
controlling impurities at the 10 appm level. The saltextraction method also appears to be applicable to the
processing of liquid lithium-lead alloys.
In the area of instrumentation and hardware for liquid
lithium systems, permeation- and resistivity-type meters have
been developed to a point where they can be meaningfully
employed for monitoring of hydrogen [2] and hydrogen plus
nitrogen,[2] respectively. The principal difficulties in
operating present-day stainless—steel-constructed lithium
systems have resulted from;(l) cracking of special components
containing cold-worked material with high residual stress
(EM-pump channels and valve bellows) [l],and (2) mass transfer
buildup[l,3] involving iron, chromium and nickel. A method
developed by DeVan et al.,[3] wherein aluminum is added to
lithium so that it can react with and stabilize the surfaces
of stainless-steel components, has shown promise as a means
of retarding mass transfer and intergrannular penetration in
stainless-steel systems.
The use of solid lithium compounds as the breeding material for D-T fusion reactors has come under increasingly
greater study in the USA in recent years [4]. Three different
approaches have been suggested: (1) in-situ tritium recovery', (2) removal and external processing of fuel-pin-type
breeder assemblies on a periodic basis (every six to twelve
months); and (3) continuous circulation of solid material
into and out of the reactor with tritium processing done
externally. There is evidence to suggest that the in-situ
recovery of tritium is feasible, but a carefully controlled
breeder material temperature distribution is required[4] so
that (1) tritium does not build up to excessive levels in
low-temperature regions and (2) sintering does not occur in
high-temperature regions.
The fuel-pin approach to tritium breeding is saddled with
the problem of large in-blanket tritium inventories (^50 kg
per fusion GW for annual pin removal), and the circulatingsolid approach presents formidable engineering complexities.
However, if the in-situ method of handling solid breeder
blankets turns out to be intractable and if liquid metals are
eliminated from consideration because of engineering or safety
considerations, then the fuel-pin and circulating-solid
approaches may prove to be the only remaining recourse for
self-sustaining D-T fusion reactors.
In work related to the STARFIRE Commercial Fusion Reactor
Study[5] currently ongoing in the USA, a top-down selectivity
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analysis has been madeL6J, to identify the most tractable
breeder/coolant/structure (B/C/S) combinations for D-T fusion
reactors. In a typical analysis, a breeder material (e.g.
liquid lithium, liquid lead-lithium alloy, solid LiyPb2,
LÍ2O or another lithium-containing ceramic) is matched with
various coolants (e.g. water, helium, liquid metals, molten
salts) and compatibility assessments are performed. The
criteria for these assessments are breeding capability,
exothermicity of breeder/coolant interaction, operating
temperature requirements, and thermodynamic efficiency of the
associated power cycle. Breeder/coolant combinations that
survive the scrutiny of this first assessment are then matched
with likely classes of structural materials (e.g. austenitic-, nickel-, ferritic- and refractory-base alloys) and a
second assessment is made. Here the criteria are based mainly
on structural material compatibility (with breeder and
coolant) and temperature constraints. In summary of this
exercise it can be said that no B/C/S combination from among
the choices listed parenthetically above is developed to a
point where one could predict with confidence that satisfactory performance in the fusion environment could be
achieved. Liquid lithium/refractory metal (Nb- or V-base
alloys) and ceramic breeder/water (pressurized or boiling)/
austenitic or /ferritic combinations appear to be among the
least objectionable choices from an engineering and compatibility point of view.
LOS ALAMOS SCIENTIFIC LABORATORY
In January 1977 the Los Alamos Scientific Laboratory
( L A S L ) undertook the design of a national Tritium Systems
Test Assembly (TSTA)[7] with the purpose of developing,
interfacing and demonstrating all the technologies related
to the deuterium-tritium (DT) fuel cycle for fusion reactors.
The first machine requiring extensive use of these technologies will be either the Engineering Test Facility (ETF) or
the International Tokamak Reactor (INTOR). TSTA will be
operating as a full-scale tritium-processing plant in late
1981, years before any DT-burning power reactor is operational. Data on efficiency and reliability of processes and
components will thus be available to fusion engineers in time
for design of ETF, INTOR and more advanced reactors.
TSTA objectives are balanced between developing technically feasible processes and securing public acceptance of
the necessary technology. The purely technical objectives
include development and continuous demonstration of all
aspects of a closed-loop DT fuel cycle, Fig. 2, from plasma
chamber evacuation through fuel purification and isotopic
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enrichment to plasma fuel injection. The equally important
environmental and public safety objectives are the development and long-term demonstration of environmental and
personnel protective systems with no significant releases or
personnel exposures, and minimized off-site radioactive waste
handling. At TSTA, these objectives will be met with a DT
inventory of 150-200 g, processed continuously at the rate of
1.5-2 kg/day. This processing rate equals or exceeds the
requirements for ETF or INTOR.
Design work is complete, major components have been
purchased, and installation is proceeding on schedule for the
following major environmental and DT-processing systems: an
emergency tritium cleanup system capable of confining any
major release of tritium within the TSTA building; a continuous tritium waste treatment system that removes residual
tritium from all process waste streams; a piasma-chamber
evacuation system based on a compound condensation/sorption
cryopump; a fuel cleanup system that uses a combination of
catalytic reactors, hot metal getters, and cryogenic sorption/
freezeout to reduce non-hydrogen impurity levels below 1 ppm;
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a hydrogen isotopic separation system based on cryogenic
distillation; a number of transfer pump assemblies for safe,
contaminant-free transfer of DT about the process loop; a
computer-based master data acquisition and control system,
which monitors and controls all TSTA processes.
Preliminary experimental work and computer simulations
were instituted to aid in mechanical and conceptual design
work for TSTA, with the following favorable results to date:
a compound cryopump is capable of simultaneously exhausting
helium and DT from a plasma chamber; the helium ash can be
separated from reusable DT fuel in the compound cryopump
during cryopanel regeneration; the design of cryogenic
distillation columns can be optimized for any desired total
flow, number and purity of product streams, etc., and still
provide great operational flexibility and control stability;
data on cryogenic sorption of hydrocarbons and NH3 have
been collected, enabling us to design a fuel cleanup system
of adequate performance using a combination of known technologies; new tritium-compatible mechanical vacuum and transfer
pumps, useful in several subatmospheric regimes, have been
developed by cooperative efforts between the TSTA project and
industry.
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DISCUSSION
F. PREVOT: In the process for tritium extraction from a liquid-lithium
blanket by the molten-salt method, what is the minimum tritium concentration
which you could use in practice and how long does the extraction take?
J.L. ANDERSON: I can only say that, when a LiF-LiCl-LiBr molten salt
was used as the extracting medium, the deuterium concentration in molten Li
was reduced from ~ 10 wppm to < 1 wppm in a very short time.
J.M. ARAGONÉS: Could you give a brief comparison between liquid and
solid tritium breeding systems?
J.L. ANDERSON: The liquid-lithium system can use the same material
for both breeding and cooling. The extraction of the tritium should be straightforward, as shown by Maroni at Argonne National Laboratory. The use of liquid
lithium does, however, raise serious safety questions.
Solid breeders are inherently safer. However, serious problems remain in
connection with tritium recovery, the equilibrium tritium inventory and the
effects of a temperature gradient across the solid breeder module.
R.W. CONN: How much of the computer safety control system is hard-wired
and how much goes through software?
J.L. ANDERSON: Most of the control functions go through the computer.
Many of the safety systems are hard-wired with software back-up.
R.S. PEASE: What do you see as the major tritium problem to be solved
before we can undertake projects such as INTOR or ETF?
J.L. ANDERSON: I do not think that there are any major unsolvable
problems related to tritium technology. It is imperative that an integrated system
such as we are constructing at TSTA be operated for some time so that we can
accumulate the experience and data necessary to design the tritium systems for
ETF or INTOR. There are of course problems requiring attention: the development of barriers to prevent tritium permeation through high-temperature surfaces,
the availability of the required tritium inventory and methods for the safeguarding,
transport, storage and accountability of this inventory. The question of material
accountability is the one that concerns me most at the moment.
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Abstract
NON-LINEAR COUPLING OF LOWER HYBRID WAVES.
Coupling of LH waves by a waveguide array is described self-consistently, including
density modulation by ponderomotive forces near the plasma surface. It is found that such
a model does not explain experimental observations at high power, and an alternative
explanation is proposed.

Phased waveguide arrays launching LH waves into a plasma
have been observed to depart from the predictions of a simple
linear model [1] at high power density. In most instances, the
reflection coefficient decreases and becomes insensitive to the
phase shift A<¡> between adjacent guides [2].
In large power experiments the ratio a 2 = e 2 E 2 /2m oo2 T -between the oscillating and thermal energy of the electrons can
approach or exceed unity in the tenuous, cool plasma near the
antenna. Ponderomotive forces can then strongly influence the
density distribution, to which coupling is sensitive. Since in this
region w *\» to and Ej^ ^ E,, (parallel and perpendicular refer to the
direction of the static magnetic field), the ponderomotive force on
-»-

the electrons acts essentially along B :
-*
Bn W
F ~ --2.
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The adiabatic response to F

n(z,x) ^ n Q (x)

leads to a density modulation [3]

C
1 - a2 l Zl

(2;

E

o

1

T- = V
'eff

• T?«

, where n (x) is the unperturbed density profile.

Assuming n Q (x) = ñ Q x/L n , with ïï = 1.28x1010 f 2 cm -3
(f being the applied frequency in GHz), and Fourier transforming
along z, the equation for E2(k,,,x) =

e~lk// z E z (x,z) dz

(¿TTE^-1

can be written
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As already i m p l i c i t in Eq.(2), we assume a 2 s u f f i c i e n t l y
small to allow a perturbative solution of Eq.(3). Let then Pi ( - o f and Qi(-aÇ) be the causal and non-causal solutions of the linear
l i m i t of Eq.(3)fç = ( I K J U 2 / 3 ^ - , a = sign (n 2 , - 1 ) 1 , namely
for n27 < 1

n

P1(Ç) « A1ÍS1 , Q1(Ç) = M i l l
^;
Ai(0) * w v ;
Bi(0)

(5)

and f o r n2» > 1
Pi(-r) . M í l S L í J E l t a .
1 5
'
A1(0) + i B i ( O )

Q1(.£)gA1(-g)-1B1(-g)
l l)

Ai(0) - iBi(O)

(6)
l

'
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Ai(z) and Bi(z) being Airy functions. The linear solution of Eq.(4)
is

(7)

Ez(k//ix) = e ^ ^ P ^ - c r Ç )
where e.ik,,) is the Fourier transform of the selfconsistent
e l e c t r i c f i e l d at the antenna [2] :
Ng
k
M
V7///) = I

a

Î.

p=l n=0

np

+8
p
np

k7/
^

l-(-l)ne"ik//b
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- i k//
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The sum extends over the Ng waveguides (b is the width, Zp the
position of the left edge of the p-th guide) and over the guide
eigenmodes (a

are the incident, B

the reflected amplitudes

and the excitation coefficients of evanescent modes at the guide
mouths).
To next order in a 2 we have

U k v, / ,! x ) = Atk^Pii-ot) + B(k,,)Qi(-aC)
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•z 7/
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dne 3 ( k ^ n ) Qi(-cm)Pi(-a£)-Pi(-an)Qi(-a£)
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(9)

Causality requires
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(k^ in) Pi (-cm)

while continuity of E and B at the plasma surface leads to the
introduction of a nonlinear surface admittance of the plasma
!
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in terms of the linear surface admittance Y.IN(k,,) [2] and of the
distribution of electric field near the antenna. Using Y(k//)
instead of YiTM(l<//)we can now proceed as in Refs [2] to derive a
(now nonlinear) algebraic system which can be solved numerically
to obtain the reflection coefficients 6 .
It is worth noting that according to Eqs.(ll) and (10) the
nonlinear corrections to the plasma admittance are proportional to t|
a 2 (k .d), where d 'k (b2/3 L V 3 ) is the thickness of the close-field
region. If k d « 1 (as it is usually the case) the antenna will
behave linearly even beyond a 2 = 1 (of course, in this case, nonlinear modifications of the power spectrum will also occur for
x > d, but they will not affect the antenna).
The nonlinear admittance (11) generally possesses a
radiative part even for n2., < 1 . This is because a wave with n « < l ,
before reflecting from the cutoff region, can beat with other
waves in the spectrum to produce daughter waves with n2., > 1 . On
the other hand a partial wave with n„ = n ,,Q > 1, well matched to
the plasma, can decay into a wave with n,,^0, reflected at the cutoff, and a wave with n,,^ 2 n,/0. These and similar considerations
explain the results illustrated in Fig. 1 : coupling improves
« guides f = 1.25 GHz
b = 4.4cm, d=0.4cm
dx = 10 1 2 cm- 4
0.75 IT"

0.50 _

<l=0.K)

FIG.I. Reflection coefficient versus
phase for a four-guide grill, for various
values of rj = a2k0d.
180' 4>

somewhat at A(f> = 0°, but reflection increases rapidly with a^k d)
at A<f) = 180°, contrary to what is obseryed in the experiments
(cf

however [5]).
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Of several models explored, only one appears capable of
reproducing the experimental behaviour. It assumes a narrow
(Ax «

c/w) vacuum region between the antenna and the plasma,

which at high power is filled by a cool, strongly collisional
plasma by local ionization. When ^ 2 D e / w 2 in this layer is sufficiently large, a surface wave with n2., slightly above unity
(involving both the slow and fast plasma waves) can be excited;
the antenna couples well to this wave independently

of

the

phase, but relatively little power is expected to penetrate into
the main plasma. The possibility of such a situation stresses the
importance of controlling the radial position of the antenna. For
lack of space, details of this model will be published elsewere.
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Abstract
LOWER-HYBRID WAVE PENETRATION AND EFFECTS ON ELECTRON POPULATION.
In a high-power-density lower-hybrid experiment ( ~ 10 kW-cm - 2 ), a parallel index
spectrum was measured and the radial position where sidebands are excited was deduced from
pump and sideband wavenumber measurements. On this basis, some considerations on wave
propagation are given which are compatible with some effects observed on electron population.

One of the most serious problems that arise in lower-hybrid heating
experiments is energy penetration into the plasma. At high power density,
non-linear processes occurring in the scrape-off layer and periphery of the plasma
can modify grill coupling and wave penetration. A two-waveguide grill was used
to launch 400 kW at 1.25 GHz (power density 10 kW-cm -2 , pulse length 8 ms).
The basic plasma parameters were n e o ~ 3 X 1013 cm - 3 ; Teo ~ 1000 eV;
Tjo ~ 300 eV; B 0 = 27 kG. The reflection coefficient was found to be nonlinearly dependent on the incident power [1—3]. The frequency spectra and
toroidal (parallel) wavenumbers of the pump wave and its sideband were measured.
A method for deducing from these measurements the radial position where parametric decays occur is proposed.
Two RF probes are located in the scrape-off layer, at a toroidal distance of
1.5 m from the grill in the equatorial plane. Their output is connected to a fast
transient digitizer and analysed by using a Fast Fourier Transform (FFT) code.
This technique gives, for each shot, autocorrelation, cross-correlation frequency
spectra and the values of the pump kB (k| ip ) associated with the corresponding
sideband kj (knSB)- The set of values of k|(p constitutes a histogram which will
be considered as a k|)p spectrum. Figure 1 shows a N| P spectrum which is similar
to the spectrum predicted by the theory except for a depleted zone in the
1.5—2.5 range. This discrepancy between measured and computed spectra could
be explained by a wave absorption in this interval.
It is now possible to use the set of couples of values of kn p , kySB to know the
radial position where the sidebands are excited. Sidebands with short wavelength
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are preferentially excited since the higher the wavenumber the higher their growth
rate. However, a limit is set at
k i S B ^ k l D = 0.25/AD
and, since the sideband is a lower-hybrid daughter wave,
kiSB = \/mJme

k|,sB

so that
kiiSB ^ k , l D = 0.25

y/mJmJ\D

Jl

X

I
HEL

|N^I

FIG.l. Pump N || spectrum.

Each point of Fig. 2 corresponds to a couple (k| (p , kNsB)- The 0 < knp < 0.5
domain corresponds to the inaccessible part of the spectrum. These waves are
propagating in the scrape-off layer with the poloidal wavenumber in the
1.5—2.5 range. In the domain corresponding to the "accessible" waves there is
an evident maximum. The dashed curve of Fig. 3 is the computed kUD as a
function of r for the measured electron density and temperature profiles. By
identifying k„sB and k ^ , we can attribute to each value of r a value of k l p .
This yields the upper solid curve of Fig. 3, which gives the Nnp value of the
wave that undergoes a parametric decay at the r position. The lower solid curve
gives the minimum "accessible" Nup for each r.
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FIG.2. (k l p ),(k|s B )ptoi.

FIG.3. Dashed line - k\\Q(r); upper
solid line - Njp of wave undergoing a
parametric decay at r position; lower
solid line - accessibility curve.
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Absorption of waves with 1.5 < Nnp < 2.5, which could be present everywhere in the plasma, could be due to production of fast electrons in the range
40—100 keV. The existence of such an electron tail is suggested by two diagnostics
results:
(a) During the RF pulse, the loop voltage tends to drop. The smaller the
density, the larger the effect. For average densities ñe < 2 X 10 13 cm - 3 ,
AV/V < 0.25. Since plasma current is regulated by switching the primary winding
on and off, it has been possible to verify that the loop voltage drop is actually
due to a change in plasma resistance rather than in internal inductance. At the
same time, Thomson-scattering measurements see no change in electron
temperature, so that plasma resistance decrease should be attributed to suprathermal electrons.
(b) X-rays are measured with the standard surface barrier diode and thinfoil-absorbing technique. The HF pulse has almost no effect on the X-ray level
for energy less than 3 keV, but for energy greater than 30 keV (thick absorbent)
there is a five-fold enhancement. After the HF pulse, the X-ray intensity goes
down to the original level with a good exponential decrease (the semi-log plot is
linear over two orders of magnitude) with an e-folding time of 5—6 ms. This can
be interpreted as the slowing-down time of electrons of 50 keV.
Although in the absence of true spectroscopic measurement we do not know
the electron energy distribution, these two results are consistent with our interpretation of our wavenumber measurements.
At power density in the range of 10 kW-cm -2 , electric fields are high enough
to cause parametric decay of the incident wave in the plasma periphery. For better
propagation of injected wave, lower power density is desirable and possibly a
higher frequency [4] if electron heating by Landau damping and/or current
generation only is desired.
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Abstract
THEORY OF HIGH-POWER LOWER-HYBRID HEATING OF TOKAMAK PLASMA.
Results of theoretical studies relevant to lower-hybrid heating of tokamaks are presented
in five sections: 1. Non-linear coupling. 2. Parametric excitations. 3. Mode conversion and
absorption by ions. 4. Non-linear electron current generation. 5. Particle simulations.
Correlations are made with recent experiments and previous theoretical studies (BERS, A.,
Theory of Plasma Heating in the Lower Hybrid Range of Frequencies, in RF Plasma Heating
(Proc. 3rd Top. Conf. Pasadena, 1978).

1.

NON-LINEAR COUPLING

Tokamak experiments [ 1—3] in lower-hybrid (LH) heating from a single
port of waveguide arrays at large power densities (> 1 kW-cirT2) have shown
strong deviations from linear coupling theory. We examine how the ponderomotive force near the waveguide apertures can account for such effects.
Near the plasma edge the oscillating velocity along the magnetic field line
is much higher than the perpendicular-oscillation velocity. In this case, the
steady-state density depression due to ponderomotive effects [4] is given by
n(x,z) = n 0 (x)cxp(—e 2 jE : | /2m¿M2(Te + Ti)) , where z is the direction parallel
to the magnetic field and where n 0 (x) is the unperturbed density. At low
densities and temperatures, the steady-state equation for the lower-hybrid field
is then [4]:

* Work supported by US Department of Energy Contract No. DE-DS02-78ET-53074.
' IREQ. Varennes, Quebec, Canada.
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where o}2pe{x, z) = e2n{x, z)/mco , and distances are normalized to c/co. An
approximate analytic solution can be obtained. We assume waveguide fields
E\){z) ~ £ocos(ff ), where b is the waveguide width, and then let
|E(:r,-z)| c¿ \E()[z)\ in n(x, z). Equation (1) is then linear, with only the waveguide
amplitude E 0 to be determined a posteriori. Fourier transforming this equation
in z yields a chain of differential equations where each n z is coupled to neighbours
at n z ± m7r/b, m = 1,2,3,... (n z is the parallel wave index). An elimination
procedure then yields a 'local' equation:

axe-dr0{6)(n2z-l)

+

dx2

»+«®

nzb
t a n - - )Es{x,nz) = 0

(2)

where a = u)-2dwlc(x)/dx\x=0
and S = e2\Eo\2/(4m,w2[Te -f T¡)). The
'resonance' term tan (n z b/2) accounts for coupling between the waves at
n z , n z ± 7r/b, via the density modulation, the term exp(-ô)I 0 (ô) results from
the averaged density modulation.
Solving Eq. (2) yields a plasma impedance and one can solve for the waveguide
coupling in the usual way. Fig. la shows the power reflection coefficient as a
function of incident power (in MW) for a two-waveguide array for the extreme
phasings 0 = 0,7r. The plasma parameters are those of a PETULA experiment [ 1 ].
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FIG.1(a). Comparison of experimental data and analytic results for power reflection in a twowaveguide grill. The data are for the PETULA tokamak [ 1]; 0.5 MW ^ 10 kW- cm'2,
(b) Excited power spectrum, linear theory (8 = 0) and non-linear theory (8 = 5), (arbitrary
units for P(nz)). Parameters as for Alcator-A [3].
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As power increases, there is convergence of the reflection curves. Also, the
power spectrum obtained from Eq. (2) shows harmonic generation at n z = 7r/b.
This is illustrated in Fig. 1 b for parameters of the ALCATOR-A experiment [3].
Thus a spectrum initially centred about n z = 2.5—3 can be upshifted to n z = 5.
A numerical integration of Eq. (1) is in progress.

2.

PARAMETRIC EXCITATIONS

Another important non-linear effect near the plasma edge is the parametric
excitation of other modes by the incident LH fields acting as a pump. Such
excitations may deposit an appreciable fraction of the incident power near the
edge.
For quasi-mode parametric excitations we have carried out linear and nonlinear calculations including pump depletion [6]. The maximum amplification
factor is found to be
\2

r(x)

(EM

2Boca(4)i\izVi_

1 + Xi -f" Xe J ViX1

\

(3)

where EQI is the pump electric field as described by the linear equations, cs is the
ion sound speed, co0 is the pump frequency, c^/» = o;p¿/(J -f- u)2pe/Q'2eY/2, \¡je
is the electron Debye length, %e ¡ are the electron and ion susceptibilities of the
low-frequency mode (k, co), Vjz and v^ are the group velocity components of the
pump (i = 0) and sideband (i = 1) waves as taken along and perpendicular to B 0 ,
respectively, and b is the width of the waveguides. The non-linear depletion of
the pump electric field is given by
El{x) = JS&irc/l - j - P r e x p ( - 2 / 6 j f

T{^)dxf)\

(4)

where p r is the ratio between the power density in the sideband noise electric
field to the one in the pump field. This analysis was applied to parameters
relevant to the Alcator-A heating experiment [3]. It was shown that the
generated sideband wavenumbers are shifted towards higher n z , and an appreciable
fraction of the available RF power was found to be either mode-converted or
electron-Landau-damped near the edge region.
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We have also carried out calculations on the resonant parametric excitation
of ion-cyclotron harmonic waves in a density gradient. Applying these results to
the edge parameter of the JFT2 heating experiment [7], we find that the excited
ion-cyclotron waves have a finite damping rate. This also suggests that a certain
amount of the input power is deposited near the plasma edge.
So far, one has analysed independently the problem of non-linear coupling
and parametric excitations near the plasma edge. They, of course, interact with
each other and a more complete non-linear theory of the edge is still needed.

3.

MODE CONVERSION AND ABSORPTION BY IONS

As we progress into the main plasma profile, the temperature increases and the
ponderomotive density modification becomes small. Because of the non-linear
edge effects the field which penetrates may be assumed to be a quasi-monochromatic
wavepacket with an amplitude much smaller than the linear coupling and propagation theory estimates. For such a field, in the density and temperature gradients
of the main plasma, self-modulation is found to be negligible [7]. Parametric
excitations may still persist, but they are much weaker than at the edge [5]. We
can now reconsider the linear energy deposition of RF power on the ions near
mode conversion and in the presence of ion-cyclotron harmonic (ICH) resonances
in the inhomogeneous B 0 .
The mode-conversion (MC) of LH to warm-plasma (WP) waves in an inhomogeneous plasma and magnetic field is sensitive to the presence of ICH. To calculate
the MC efficiency we extract from Brambilla's [8] dispersion relation (DR),
modified to describe complex k x :
w,p«

D(kx, x) = ki + k¿z + 2! — 1 ^1 + fcZ(fc)

+ (P - ¿v'ïj&f-tf 4- | [ i + e-H(M6^ e )l)
where

kxvti

kzvte

2u2cei

(5)
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FIG.2. Solution of approximate dispersion relation extracted from exact one by expanding
around mode-conversion layer. Alcator-A parameters [3].

the relevant second-order LH -> WP coupling DR and solve the associated wavepropagation problem. The LH -+ WP coupling occurs at that value k xc (x) of the
perpendicular wavevector k x for which the LH-wave group velocity vanishes,
i.e. 8D/3k x = 0. Expanding the DR around k x c to second order gives the
appropriate coupling DR. Its solution, shown in Fig.2, is verified to be within 5%
of the exact one. The MC, or turning points, are given by D(k xcr , w) = 0 and the
associated propagation problem is formulated as
d2A
dw2

^Djk^w)
&D/dkl \kx=kx/

A_Q

(6)

where w = x + iy. The analytic continuation of the MC problem into the complex
w-plane is required on account of the possibly complex positions of the MC points.
For bell-shaped density and temperature profiles there are two turning points with
four anti-Stokes lines converging toward the real axis. This configuration defines
a complex potential barrier, whose reflection coefficient gives the MC efficiency.
In effect, given the turning points X J I , xj2 » we have [9]:

R=-±-rd-a)e
l

ia

*/2(-ia)a

>/2i

(7)
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If XTi and xx2 are not real or purely imaginary, then \R\ -\-\T\ < 1 , and,
consequently, some of the incoming LH power is lost between the turning points.
For example, with the parameters of Fig.2 and Alcator-A profiles, we find
¿
\R\ =0.897, \T\¿ = 0.004, i.e. 10% of the incoming power is dissipated between
the turning points, while 89% is mode-converted. Note that the mode-converted
power is dissipated on the ions in a short distance. These numbers can vary
considerably with n z , so that a weighted average over a given spectrum is required
for evaluating the linear power deposition on the ions. Such a calculation, coupled
with a quasi-linear Fokker-Planck analysis of the ion distribution function can
provide a picture of ion heating. This will have to be contrasted with the nonlinear heating mechanism of stochasticity in the ion cyclotron motion, which
requires an electric field above a certain threshold [10].

4.

NON-LINEAR ELECTRON CURRENT GENERATION

In the interactions of unidirectional LH waves with the electrons, great
interest attaches to the possibility of driving a steady-state current for confinement
and profile control of tokamaks. The efficiency of this process is characterized
by the power dissipated, which is required to produce a desired current, and
quasi-linear estimates have already been given [11]. Here, we consider the adiabatic
non-linear limit in which the current is carried mainly by trapped particles, and the
required power dissipated is potentially much lower.
We have solved the Vlasov equation for the electrons in 1-D when the
externally launched large-amplitude wave is adiabatically turned-on [12, 13].
The distribution function, f, is written as a function of the action, I, which is
the adiabatic invariant of the Vlasov equation. This is true as long as the
modulational time scale is slower than that of the rapid oscillations of the wave.
Then f(I) is a solution over all phase-space except for a narrow region near the
separatrix where the non-linear particle frequency approaches zero. For the initial
conditions f(t = 0) = f^j (Maxwellian) and the electric field amplitude E z (t = 0) = 0
the complete distribution function is:

for the untrapped electrons

for the trapped electrons
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FIG.3. Current density as a function of position for Versator II. The frequency of the RF
source is 800 MHz.

jos (jTR) j s t h e a c t i o n for the untrapped (trapped) electrons and VLe is their
thermal velocity [12].
This general formalism is applied to the case of a plane wave. It is found
that the external source non-linearly modifies the tail and bulk of f. The nonlinearity generates a steady-state current < j > = £ /—oo^f/0 d0vf{v,9)
where 9 — k,z — wt . For low values of E z and k z , the untrapped electrons
contribute and the current scales as (j) ~ k z E | . The deviations from this relation
for higher E z and kz become significant because of the effect of trapped electrons.
For very large amplitudes, <j> saturates to a value proportional to l/k z . This occurs
when all the electrons are trapped in the potential wells. We evaluate <j> as a
function of position from the centre of the Versator-II plasma for various
nz = k z c/w (Fig. 3). The effect of perpendicular diffusion, induced stochasticity
and collisions is currently under study.

5.

PARTICLE SIMULATION

We have done a test particle simulation for a one-dimensional collisionless
plasma with a stationary ion background. For the LH wave at low densities,
this model is adequate to describe the dynamics along the magnetic field. Since
the LH waves are confined along their resonance cones, the finite spatial extent
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of the driving field should be taken into account. The RF field for a travelling
wave, E(z, t) — Ea(t) cos(kz — ut) exp{—[{z—Zc)/zr]2} , or a standing wave
E(z, t) = £b(¿) cos(kzz) cos(u>¿) cxp{—\{z— zj/z,.]2}, is turned on adiabatically
(over several plasma times) in a finite region of space (z r «* 8XD). The plasma
is initially Maxwellian. We compute the parallel electron distribution function
for times up to copt = 120, when a steady state has been reasonably established.
The heating and steady-state current generation show sensitivity to the ratio
co/cope- For a travelling wave, large deviations from the Maxwellian equilibrium
in the bulk and the creation and maintenance of a superthermal electron tail is
found to be particularly pronounced when co < a>pe. For a stationary wave
(OJ = 0), we observe no current and a small change in the temperature, while the
standing wave gives no current but the heating is comparable to that of the
travelling wave. For moderate and larger amplitudes E 0 , the current does not
scale well as a power of E 0 .
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PLASMA HEATING BY A WIDE krSPECTRUM
WAVEGUIDE SYSTEM IN THE ION CYCLOTRON
RANGE OF FREQUENCIES*
M. ONO, T.H. STIX, K.-L. WONG, R. HORTON
Plasma Physics Laboratory, Princeton University,
Princeton, New Jersey,
United States of America
Abstract
PLASMA HEATING BY A WIDE kg -SPECTRUM WAVEGUIDE SYSTEM IN THE ION
CYCLOTRON RANGE OF FREQUENCIES.
A reactor-heating concept utilizing a wave-guide-launched ion-Bernstein wave in the ioncyclotron range of frequencies is presented. Details of wave-launching, transformation,
propagation and absorption, together with low-power experimental results from the ACT-1
toroidal device, are summarized.

Radio-frequency heating near the ion cyclotron frequency is one of the
most attractive approaches for bringing fusion plasmas to ignition temperatures.
In this frequency range, namely 50—200 MHz, the waveguide system would assume
aperture dimensions of 30-100 cm width and 100-300 cm height which are
compatible with reactor dimensions (Fig. la). Waveguides with such dimensions
can easily be fitted into the space between field coils, and the installation, repairs,
and maintenance procedures by remote handling would be considerably simplified
compared to alternative structures. Moreover, the large waveguide aperture openings
help to minimize voltage breakdown problems, and it is anticipated that the RF
power (~ 100 MW) could be handled with present-day technology and at low
relative cost.
For the present scheme, even though the operating frequency is relatively low,
the physics of the waveguide coupling is quite similar to that of lower hybrid
heating [1,2]. However, because of the low-frequency nature of the wave, a
lower plasma density [n 0 <^ 1011 cm - 3 , see Fig. lb] in front of the waveguide aperture
suffices for good matching. Also, owing to the long evanescence distance,
d ~ An « 50 cm, the evanescent layer which may occur in front of the guide should
not seriously affect the coupling efficiency for this wave. Therefore, it is
conceivable that the waveguide aperture in a reactor could be located flush with
the vacuum-chamber wall.

* Work supported by US Department of Energy Contract No. DE-AC02-76-CHO3073.
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As the wave propagates from the edge region into the plasma, the finite-ionLarmor-radius effect quickly becomes important and causes the transformation of
the electron plasma wave into an ion Bernstein wave (Fig.lb) and enables the wave
to propagate through the cold-plasma lower-hybrid resonance near co = copj [3].
This mode transformation has recently been confirmed in an experiment performed
in the Princeton ACT-1 toroidal device [4]. In a hydrogen plasma (T e = 2.5 eV,
Tj = 1.5 eV) with electrostatic-antenna excitation, mode transformation at
co = copi without observable reflection was observed, followed by strong excitation
of the co = 2 Í2j ion Bernstein wave. Detailed measurements of kL (co, kj) and of
the wave-packet trajectory showed excellent agreement with theory.
Penetrating into a dense plasma with /3 (toroidal) J> 0.1% and nn = 0(1), the
ion Bernstein wave would be expected to transform further into a high-density
ion Bernstein wave (Fig.lb). An important characteristic of the high-density
mode is that electron Landau damping [here, y = l/(Tj n|)] is greatly reduced (by
as much as several orders of magnitude) compared to the original ion Bernstein wave.
The reduction occurs because the high-density mode is no longer rigorously an
electrostatic wave but satisfies, instead, Eu/Ej_ <^ ky/kj. < 1. This reduced damping
significantly widens the accessible window in nu. A full ray-tracing calculation
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predicts excellent wave penetration for ny ^ 6 in a high-temperature (Te = T¡ <^ 14 keV)
reactor plasma. This relatively large window in ny implies only mild technical
constraints on the design of the waveguide array. Finally, as the wave approaches
the ion cyclotron resonance layer, efficient absorption occurs either through
enhanced electron Landau damping or ion cyclotron damping. The present waveguide heating concept scales favourably with plasma density and temperature and is
expected to be well suited to the heating of high-jS plasmas.

NOTE ADDED IN PROOF
It was recently brought to the authors' attention that the possibility for
launching electrostatic ion cyclotron waves by an E||B0 waveguide RF coupler
was also suggested independently in a paper on lower-hybrid wave absorption
by PURI,S.,Phys. Fluids 22 (1979) 1716.
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DISCUSSION
ON PAPERS T-l-l(A) TO T-1-2(B)

R.R. WEYNANTS:
Can the condition for finding the conversion point
still be used when the poloidal field is taken into account?
A. BERS: Yes; in general the conversion occurs where (9D/8k) = 0 and
D=0.
R.R. WEYNANTS: Were you able to draw any conclusions about the
practical importance of the parametric excitation you described?
A. BERS: From our calculations, parametric excitations are most important
near the plasma edge (low temperature and high power density). There they can
convert an appreciable fraction of the incident lower-hybrid waves to much
shorter wavelengths and thus dissipate them before they can reach the central
part of the plasma. The theory and the calculations also show how one may
be able to minimize such effects if they occur in an undesirable region of the
plasma.
J. HOSEA: Is the limiting n\\ for avoiding quasi-mode parametric excitation
sensitive to machine conditions?
A. BERS: Yes it is. As can be seen from the equation for the spatial growth
factor T, it depends upon the plasma (edge) temperature and magnetic field
strength.
B.I. COHEN: With regard to the RF-driven toroidal current, have you
calculated the kinetic stability of the plasma plus large-amplitude wave system?
Since you have already found the 'renormalized' distribution function, calculation
of the 'renormalized' characteristics is all that is required to solve the linearized
Vlasov equation and then via the linearized Maxwell equations to determine the
expressions governing stability. Stable current (and hence q) profiles are of
course essential for device operation.
A. BERS: Some aspects of the kinetic stability analysis have been considered
and are discussed in the references.
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Abstract
LOWER-HYBRID HEATING AND CURRENT DRIVE IN TOKAMAKS AND RELATED
EXPERIMENTS.
Experimental results on waveguide-plasma coupling and RF heating in the vicinity of
the lower-hybrid frequency in the M.I.T. Alcator-A and in Versator II tokamaks are reported.
The forthcoming Alcator-C lower-hybrid heating experimental parameters are summarized.
From Princeton results on several small-scale experiments, related to waveguide-plasma coupling
(H-l) and RF current drive (ACT-1), are presented, as well as recent theoretical investigations
of efficient RF current generation using lower-hybrid waves or Alfvén waves.

1. M.I.T. ALCATOR-A AND ALCATOR-C EXPERIMENTS.
Up to 90 kW of microwave power has been injected into the
Alcator A tokamak at a frequency f = 2.45 GHz which is in the
lower-hybrid frequency range [1]. A double waveguide array
was employed, each waveguide having inner dimensions of 1.275
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versusïïefor the same parameters as (a)
and Ip = 150 kA.

cm x 8.13 cm and they were separated by a 1 mm septum. Both
rf phase and amplitude could be controlled independently in
each waveguide, and the radial position of the waveguide
mouth was adjustable. The ceramic vacuum windows in the waveguides were located ouside the toroidal field magnet so that
the a) = o) ce layer was situated in vacuum.
Optimized coupling and reflectivities of 10% to 15% were
obtained with the waveguide mouth positioned near the vacuum
vessel wall and with 0, IT phasing of the incident electric
fields in the two waveguides. This reflectivity remained
unchanged up to the full power level of 90 kW, which corresponded to an intensity at the waveguide mouth of 4.5 kW/cm^.
During rf injection at the 90 kW level, a factor of 50
increase in the fusion neutron rate was observed in a deuterium
plasma in which 5 e « 1.7 x 10l4 cm - ^ BJ. = 62 kG, and Ip ~
150 kA, as shown in Figure la. No increase in plasma voltage
or impurity emission occurred. A spatially resolved neutron
detector indicated that this neutron emission was localized to
the center of the Alcator A plasma. Charge exchange measurements indicated that this neutron rate was caused by the
formation of an energetic ion tail at the plasma center. The
2.5 - 2.0 msec decay times of the neutron rate after rf shutdown imply that the energetic tail is characterized by a temperature Trp > 10 keV and that this tail persists out to an
energy E^ > 50 keV [2]. This energetic tail exhibits the
expected influence of banana orbit ion confinement on neutron
production:
no rf-produced neutron enhancement is observed at
Ip < 100 kA and the neutron rate decay time increases by a
factor of 2 when I p is raised from 120kA to 200 kA. Furthermore, the observed presence of a velocity space loss region
due to ripple trapping [3] is expected to contribute to the
loss rate of the rf-produced ion tail [2], The estimated ion
heating efficiency is less than 40% in the present experiments.
Figure lb shows the neutron rate enhancement vs. ñ e ; the
sharp band in 5 e within which there is a neutron enhancement
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occurs at a lower density than expected for the value of k, =
k • B/1B | ^ 3 (JO/C that should characterize the emitted lower
hybrid wave spectrum. Furthermore, changing the relative
phasing of the two waveguides to 0, 0 from 0, TT did not affect
the rf enhanced neutron rate. When the density was reduced
below this neutron production density band, a 10% increase in '
T e was observed. The heating efficiency in the electron
heating mode is at least 35% (and possibly much higher). Electron heating due to electron Landau damping would require
k|j ~ 5 OJ/C for T e = 1 keV. These heating results imply a modification in the wave vector spectrum at the plasma edge from
that of linear theory so as to enhance the higher k y components. Furthermore, rf probe spectra obtained at the plasma
edge showed that the pump wave frequency was broadened by
0.5 to 6 MHz and comparably downshifted; these spectra were
waveguide phase independent.
Using CO2 laser scattering, the driven lower-hybrid waves
have been studied directly in the plasma interior [4]. The
measured wave amplitude ri| was proportional to the net transmitted power P into the plasma, but was independent of waveguide phasing, for 0.4 <_ P _< 4 kW/cm2. By measuring the wave
amplitude as a function of k x = 2ÏÏ/À and using the lower hybrid
dispersion relation, the ny spectrum was deduced. A broad n|¡
spectrum P(n,, ) was observed with highest amplitudes at the
lowest nn in the range 3 <_ ny <_ 8. The waves observed in the
range of densities 5 x 1 0 1 3 £ ñ <, 1.5 x 10lk
cm - 3 were not
localized into resonance cones. They have a frequency width
Av(0 _£ Av <_ 8 MHz FWHM), which is independent of P and increases with plasma density, and are downshifted from the
driving frequency by an amount <L 1.5 MHz, with the largest
downshift at the highest density. Finally, P(n») decreases
rapidly as a function of density at all observed n,¡'s for
ñ > 1.5 x 10 11+ cm - 3 .
There are several mechanisms which could explain the foregoing results: scattering of lower-hybrid waves from long
parallel wavelength density fluctuations previously observed
near the edge of the Alcator-A plasma column [5] and their subsequent modification by shear [2,6], parametric decay [2], and
toroidal effects [6].
We are beginning a new series of high-power lower-hybrid
heating experiments in Alcator-C. The parameters will as be
as follows: B ^ 10T_, n = (4-10) x 10 ^ c m ' 3 , f 0 = 4.6 GHz,
P <"4.0 MW, T p U i s e <"0.5 sec. The power will be injected into
Alcator-C through four ports, each having a grill with a 4 x 4
waveguide array. The phase of each waveguide can be varied
electronically during the rf pulse. The ceramic windows (BeO)
will be brazed into the waveguides so that the oo = w c e layer
will be pressurized in the waveguide.
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VERSATOR II EXPERIMENTS

Using a four-waveguide array, we are studying ion heating
near the lower-hybrid frequency, and using a six-waveguide
array we are studying electron heating and current drive in
the M.I.T. Versator II tokamak (R = 40 cm, a = 13 cm,
B T &• 1.2-1.5 T, Ip <" 40 kA, T e o <" 600 eV, n 0 = (1-4) x 10 1 3 cm~ 3 )
Coupling experiments at power levels P = 1-10 kW, S = P/A =
1-20 W/cm , show that the reflected power is strongly dependent
on the relative phases Ac}) of the guides, as well as on the
grill radial position. The results for the four-waveguide
grill (gap width 2.45 cm, wall thickness is 0.6 cm) are shown
in Figure 2. In the theoretical curves (based on the Brambilla code [7]) we used the density gradients measured by
Langmuir probes at the plasma edge (Vn ~ 10 -10 cm - ) in
the absence of rf power. We see that there are considerable
discrepancies between the experimentally measured reflection
coefficients and the theoretical predictions. If we assume
a density gradient 50-100 times larger than the measured
values, we get a reasonable agreement with the average reflection coefficient. However, the relative magnitude of the
reflection coefficients between inner and outer waveguides
is still reversed from that predicted by theory. Similar disagreement is found in low power experiments utilizing the sixwaveguide grill. At present, these results are not well
understood.
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FIG.2. Experimental and theoretical
reflectivity in the Versator IIfour-waveguide experiment. The phasing of the
four waveguides is 0, n, 0, it. The plasma
chamber lies to the left of X= 0, and to
the right the grill is retracted into the
part.

We have also begun high power experiments (P = 10-60 kW,
P/A = 100-600 W/cm ) in which case we observe a transition to
a regime characterized by phase- independent reflection coefficients at power levels P/A = 400 W/cm . Further high power
(P < 100 kW) heating and current drive studies have just
begun.
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THEORETICAL AND EXPERIMENTAL RESULTS FROM PRINCETON

In using rf-driven currents for steady-state reactor operation, the crucial concern is the minimization of the power
dissipation. This points to utilizing either lower-hybrid
waves [8] which transfer their momentum to nearly collisionless
electrons, or Alfvén waves which have high momentum content [9],
Current generation by means of lower-hybrid waves has now
been observed in the ACT-1 toroidal device [10]. The waves
are driven by slow-wave structures which are energized 90°out
of phase with each other, giving rise to waves traveling predominantly in one direction. Currents of up to 10 A have been
generated by 500 W of rf power at 160 MHz. The current direction changes with the wave direction as expected. Numerical
studies [11] show the power dissipation to be a factor of 1.7
less than initial analytic estimates [8]. The new estimates,
which are based on the solution of the two-dimensional (in
velocity space) Fokker-Planck equation with an added quasilinear diffusion term due to the waves, enhance the attractiveness of the lower-hybrid current-drive scheme for tokamak
reactors.
Ponderomotive force effects on lower-hybrid wave coupling
and propagation is the concern of related theoretical and
experimental work. Theoretical studies of the waveguide
coupling including the nonlinear effects indicate a decreased
sensitivity of the reflectivity to the waveguide phasing at
high power [12]. In the L-3 linear device, when E2/8irnT 'v 0(1)
at the plasma surface, the wave coupling efficiency deteriorates [13]. Also observed are density modifications which
change the wave trajectory [14].
Ponderomotive effects were also studied in the H-l linear
device where 5-60 ys burst of power from an 8 kW, 2.45 GHz
magnetron were applied to an overdense linear test plasma
(ùOp/o)2 ^ 1 5 , B = 13 kG) by a twin waveguide.
At moderate argon pressure (2 x 10_lttorr) the waveguide
reflectivity (180°) rises from ^ 5% to 12% within ^ 20 ys.
This moderate increase occurs because the plasma pulls away
from the guide by 5-10 mm as a result of a cross-field vortex
motion centered 0-1 cm from the guide mouth [15].
At low pressure and high power (> 4 kW = 0.4 kW/cm 2 ) a
localized ponderomotive cavity forms within 6 mm of the mouth
of the guide (Figure 3). The guide reflection then rises
to 'v- 40% and is independent of the phase of excitation. Similar behavior is to be expected in tokamak experiments at
5 kW/cm if the plasma pressure is < 3 x 10 3 eV cm - 3 within a
distance of ^ k"ii1of the waveguide.
Two experiments on the parametric decay of lower hybrid
waves have been carried out. One involved parametric decay
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FIG. 3. RF signal (* EJ and density
2 mm from mouth of guide during 8-kW
RF puises. Dashed lines show position
of waveguide walls.

into a lower hybrid wave and an ion-acoustic wave in which convective losses are predominant [16]. Another experiment involved parametric decay into a lower hybrid wave and a non-resonant
ion quasi-mode which occurs at 0) ^ o)p.. Strong ion heating is
observed with this decay. The decay thresholds measured in both
experiments are in good agreement with theory.
Parametric decays, however, are not expected to affect
the efficiency of lower-hybrid current-drive under reactor conditions [8], Numerical calculations show that for reactors the
current-drive efficiency is, similarly, negligibly influenced
by the nonlinear effect of wave-particle resonance broadening
[17].
Numerical studies of current generation by Alfven waves,
similar to the studies on lower-hybrid waves, show that suitably chosen Alfven waves can incur less power dissipation than
lower-hybrid waves [18]. It is assumed here that only the compressional Alfvén wave is excited. Coupling to the shear Alfven resonance [19] is shown to be negligible. In the 10 keV
temperature range and assuming 3 > 5%, Alfvén waves can drive
currents using less than half the power required for lowerhybrid waves. In the 20 keV temperature range, the accessibility condition on lower-hybrid waves becomes more severe with
the consequence that Alfven waves become relatively more attractive. Nevertheless, for continuous reactor operation, lower
hybrid waves may still be preferred for generating currents
because they may be injected by means of waveguides, which
withstand reactor conditions better than coils do.
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Abstract
INVESTIGATION OF LOWER-HYBRID HEATING IN THE WEGA TOKAMAK AT
25 kG USING A FOUR-WAVEGUIDE GRILL.
The WEGA experiment has been considerably modified to allow the use of a grill
coupler at high power level on a dense plasma, in a machine with improved confinement.
Experiments in the new configuration were resumed recently. To permit transfer of the
HF power without breakdown in the absence of plasma it was necessary to establish a
conditioning procedure. With plasma, breakdown problems are still encountered. The use
of titanium gettering considerably lowers the impurity content of the Ohmic discharges
and influence the effects of the HF on the plasma.
1.

INTRODUCTION

H F heating of the plasma core at the lower-hybrid frequency has been
demonstrated in the WEGA tokamak [1,2] and the WEGA-stellarator [3],
using a two-loop coupler. The power balance established there shows that
most of the power radiated in the accessible range of the wave spectrum is
actually absorbed by the plasma. It has also been shown that as long as the
wave conversion point is situated inside the plasma the H F power absorbed by
the ions per unit volume is proportional to the square of the electron
density [ 4 , 5 ] .
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These results led us to modify the WEGA device in order to: (a) couple
the HF by a four-waveguide "grill" [6] which allows a better definition of the
wave spectrum and a considerably better concentration of the wave energy
in the accessible range of parallel wave number; and (b) use a powerful HF
generator at a higher density (which becomes accessible by the increase of the
toroidal magnetic field to 2.5 T).

2.

EXPERIMENTAL SET-UP

2.1. WEGAtokamak
The experimental set-up is sketched in Fig.l. A new 180° stainless-steel
section of the vacuum vessel has been built to accommodate the large ports
required by the grill waveguides. One of the 40 toroidal field coils had to be
replaced by a special D-shaped coil to allow sufficient access. Another
such coil has been used to provide tangential access to the torus for the
measurement of T¿|| by a multichannel charge-exchange analyser.
The toroidal magnetic field was raised from 1.4 T to 2.5 T using a new
power supply. Figure 2 shows the time variation of different discharge parameters at 2.25 T, with and without Ti gettering. In the latter case, an estimate
of T e by soft-X intensity measurements leads to 1 < Z eff < 1.5.
2.2. HF generator
The HF generator uses two VA 948 klystrons (K) operating at 800 MHz.
For a perveance of 1.92 X 10~6 V/A 3 / 2 (28 kV, 9 A) the efficiency amounts
to 45%. Each klystron delivers up to 130 kW in 20-ms pulses (risetime < 100 /LIS).
The HF feeders are sketched in Fig. 1(a). The four waveguides of the
grill (G) are fed through vacuum-tight coaxial connectors by coaxial feeders (CC)
pressurized with SF6. Bidirectional coaxial couplers (DC) are used to measure
incident and reflected power in each element.
2.3. Coupler
The coupler consists of two groups of two waveguides. The dimensions at
the grill mouth (20 cm from the torus axis) are shown in Fig. 1(b). The lack of
perfect periodicity is due to mechanical reasons and does not affect the quality
of the radiated spectrum.as shown below.
This first-law power version of the four-waveguide grill has been designed
as simply as possible; in particular, it includes neither front windows facing
the plasma nor internal pumping.
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FIG.l. Experimental set-up.
(a) The WEGA tokamak and the HF system:
K - klystron
C - circulator
L - matched load
HJ - hybrid junction
DC - directional coupler
MT - magic Tee

PS - phase shifter
CC - coaxial cable
G - grill
RC - racetrack coil
TA - tangential access

(b) Front view of the grill mouth (in cm)
(c) Side view of vacuum vessel with grill and racetrack coil.

518

TONON et al.

100

t(ms)

FIG.2. Discharge parameters.
Dashed lines: without getter; solid lines: using getter before the shots.
(a) Plasma current I p and loop voltage V p
(b) A verage density ñ¿ and peak ion temperature T¡Q.
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FIG. 3. Transmitted wave spectrum and global reflection coefficient of the grill.
(a) Transmitted power as a function of the parallel wave number;
(b) Global reflection coefficient as a function of the radial density gradient in front of
the grill.

The power spectrum of the radiated field has been computed [7]. Equal
transmitted power in the four guides fed with phases (0, n, 0,7r) results in the
spectrum shown in Fig.3(a). The fraction of HF power radiated between N|| = 1
and a given value of N|| is also plotted in the figure. The spectral power density
has a major peak centred at N|| = 3, and 90% of the power is launched between
Nj|=1.8andN|| = 4.5.
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FIG.4. Edge density and temperature profiles by Langmuir-probe
measurements.
Dashed lines: without getter; solid lines: using getter before the shots.

P(x10- 7 torr)

P HF = 130kW
Repetition rate: 23 s

FIG.5. Conditioning of the grill. Torus pressure as a function of time. Each peak
corresponds to an HF pulse. The duration of each series is indicated.

The global reflection coefficient of the grill depends on the density
gradient Vne in front of the grill, as shown in Fig.3(b). A minimum of about
10% is obtained at Vne =3.5 X 1011 c m - 4 . The characteristics of the edge
plasma have been measured by means of several Langmuir probes. The results
are shown in Fig.4,in which the radial variations of n e and T e are displayed.
The geometrical distance of 20 cm between the grill mouth and the torus axis
corresponds in fact to the field surface intersecting the equatorial plane at
R = 18.3 cm due to the ballooning of the flux surface underneath the special
coil at the grill azimuth. At this radial distance, the measured gradient is
Vn e = 1012 c m - 4 , which should lead to a low reflection coefficient once the
breakdown problems are solved.

O

il n e(lO , 3 cnî 3 ;

B 0 =2?.5kgauss

Dî

Z e f f =1.5

-—sâl.

( p = 6.5)

0.5
(a)

1
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FIG.6. Wave propagation and absorption.
(a) Mode conversion layer and accessibility limit.
Solid lines: mode conversion and lower-hybrid resonance.
Dotted-and-dashed lines: accessibility limit for different values of the parallel wavenumber in the (B0,N e ) plane.
(b) Mode conversion layer and limits for energy absorption for electrons by Landau
damping in the ( T e , n e ) plane.

Te(keV)
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Operating the grill without previous conditioning results in a pressure rise
in the torus and breakdown (as seen on the reflected power in each line) even
for very low power levels (1 kW). It was therefore necessary to establish a
conditioning procedure. An efficient procedure was to condition with the HF
power itself, running at high power and a repetition rate of 20 s, with a gradually
increasing pulse duration from 1 to 20 ms. The conditioning is performed without
plasma at a base pressure of 2 X 10~7 torr. The global reflection coefficient of
the grill is then as high as 75%. An example of a conditioning cycle is shown
in Fig.5, where the torus pressure is plotted as a function of time (P H F = 130 kW,
repetition rate 23 s). The pulse duration increases as shown. To pass a 130-kW,
10-ms impulse required, in this case, one hour of conditioning. Previous gettering
of the torus wall reduces the pressure rise by 30% for identical HF conditions.

3.

EFFECTS ON THE PLASMA

In previous experiments [1,2,8], ion heating was observed when the modeconversion layer was situated close to the centre of the plasma column. In
Fig. 6(a), the location of the mode-conversion point has been represented in
the plane (n e , BA) for different values of Ny, for deuterium plasma with
T e = 600 eV and T e /Tj = 2. On the same figure appear the limits set by the
accessibility condition of the wave to the plasma core. At a central density
n
eO = 4-5 X 1013 c m - 3 , assuming a parabolic profile, the waves with N\\ > 1.8
can propagate to the centre of the discharge. They carry 90% of the transmitted power (see Fig.3(a)). Figure 6(b) shows the variation of the wave
conversion point in the (n e , T e ) domain for B^ = 2.25 T and Te/T¿ = 2. The
absorption of the wave energy by the electrons through Landau damping occurs
as soon as Ny > a/T 3 / 2 (keV), where a = 4 in the case of linear Landau
damping [9] and a = 6.5 if non-linear Landau damping is assumed to
dominate [10]. These two limits are also indicated in Fig.6(b). Thus it
appears that for peak densities between 4 and 5 X 10 13 c m - 3 , and T e ~ 500 eV,
the main part of the transmitted HF power should be absorbed by the ions,
whereas for electron peak densities lower than 3 X 1013 cm - 3 the absorption
should preferably be by electrons.

4.

EXPERIMENTAL RESULTS

The local distribution of neutral deuterium atoms is determined from
the Da-emission, which is measured along 25 chords in one cross-section and
along 12 central chords at different azimuthal positions. The behaviour of
impurity atoms near the wall is determined from the visible line emission of
typical lines: O II (4649.1 Â); Ti I (3653.5 Â); Ni I (3831.7 Â); F e l (3618.8 Â).
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FIG. 7. Da radiation intensity with gettering: (a) in front of grill, and (b) 180° away
from the grill in azimuth. Solid lines: during HF; dot ted-and-dashed lines: without HF.

During the entire discharge, the Da-emission is highest in front of the
grill, indicating a higher local gas pressure at this position.
In experiments without gettering, the intensity of the Da-emission
increases during the HF pulse up to a factor of 2 in front of the grill (position A),
whereas only a slight increase is seen at an azimuthal position (B) 72° away from
the grill. In a section (C) of the torus, 180° opposite the grill, no change due to
HF is seen over all the radial profile. The observed increase of the electron
density therefore seems to be mainly due to local influx of neutral deuterium
atoms at the mouth of the grill during the HF.
With Ti gettering, the absolute increase of Da during HF is reduced. It
still increases by about 25% in front of the grill (Fig.7(a)) whereas it decreases
at position C in correlation with the decrease of the electron density. The O II
line emission decreases during HF, presumably also due to the decrease of n e ;
Ni I increases, indicating an influx of Ni atoms from the wall during the HF.
During a tokamak discharge, a large fraction of the HF power is still
reflected, probably owing to breakdown, which may also absorb a part of the
transmitted power and perturb the wave spectrum. Under those conditions, no
clear heating effects have been observed, nor are they expected, and the investigations of the effects on the core plasma of the HF power are therefore just
beginning. Figure 8 shows the time variation of the loop voltage V p and the
average electron density n e during the HF pulses, at an incident power level
of 150 kW, during 20 ms. As in the past, using the loop coupler [1,2], a strong
density increase and an increase in loop voltage occur during the HF impulse.
As soon as the Ti getter was used, a considerable change was observed, as
seen in Fig.8.
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FIG.8. Electron line density and loop voltage during HF. Solid lines: with gettering;
dotted-and-dashed lines: without gettering.

During the HF pulse, the loop voltage no longer varies, while now a marked
density decrease appears. No increase in intensity of an O VII line (1623 Â) is
observed during HF (this line should originate from the central plasma region).
Although these effects of gettering confirm our previous observations in the
WEGA stellarator [3] and appear beneficial to the grill operation, very little
power may be transmitted to the plasma owing to breakdown in the guides.

5.

CONCLUSIONS

The experiments in the modified WEGA facility were recently resumed.
The tokamak was operated successfully at 2.5 T. Peak densities up to
7 X 10 13 c m - 3 , sufficient for lower-hybrid heating at generator frequency
800 MHz, are easily obtained in deuterium. Ti-gettering was used, lowering
the impurity content considerably. The following parameters were obtained
in typical discharges after gettering:
B = 2.5T
R = 72 cm
Vioop = l-9V
I = 72 kA

a = 15 cm
n e 0 = 6X 10 1 3 cm" 3
T e = 400 eV (soft X)
Tj = 150 eV (charge exchange)

HF power at 800 MHz was fed to the plasma by a preliminary low-power
version of a four-waveguide coupler. A conditioning procedure had to be
devised in order to transmit a total peak power of about 150 kW in 20-ms pulses
without breakdown in the absence of plasma. With plasma, breakdown problems
still exist at power levels necessary for heating. Gettering preceding each
tokamak discharge affects plasma behaviour positively during the HF pulses.
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Abstract
RECENT RESULTS ON THE MODIFIED JFT-2 TOKAMAK.
The JFT-2 tokamak has been converted to a circular shell-less tokamak. Experiments
started in September 1979. The main results are as follows: Stable plasmas similar to those
with a shell have been obtained successfully. In case of lower-hybrid heating at 750 MHz,
a net RF power of more than 200 kW was launched into a plasma with an optimized fourwaveguide launcher; highly efficient ion heating of (2—3) eV-kW _1 • 1013 cm - 3 was
obtained in an average density range of ñe = (1-3) X 1013 cm - 3 with a heating efficiency
of about 50%. In case of neutral-beam-injection heating with 1.2 MW, the observed
maximum /3-value at the axis is 7%, due to the thermal component only, and 10%, including
the beam component; the average ¡3 is 2.6% and 3%, respectively. These values are higher
than the critical/3-values obtained from the ballooning analysis; no new adverse effects
on plasma confinement are observed.

1.

INTRODUCTION

The JFT-2 tokamak has been converted to a circular shell-less tokamak
with an active control system for the plasma position. Plasma position control
with a feedback system consisting of analogue circuits has been accomplished

* On leave from Tohoku University, Sendai, Japan.
** Institute of Plasma Physics,Nagoya University, Nagoya, Japan.
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in many tokamaks; a direct digital control (DDC) of plasma position, however,
is favourable from the point of view of good flexibility and high accuracy. The
DDC system of JFT-2 has been described elsewhere [1]. A vacuum chamber
with a one-turn resistance of 2.6 mi2 is bakable up to 350°C. The ultimate
pressure is 3 X 10" 9 torr. Methods of surface conditioning employed are lowpower discharge cleaning (~ 10 kA, ~ 1 pulse • s - 1 ) and in-situ coating (two
RF-sputter systems for titanium, carbon, etc. and one Ti-ball set). A circular
fixed stainless-steel limiter with a minor radius of 28 cm and movable rail-type
limiters made of Mo, C and stainless steel are installed; the major radius is
90 cm. In this paper, recent results on lower-hybrid (LH) heating and high-j3
studies with neutral-beam-injection (NBI) heating are presented.

2.

LOWER-HYBRID HEATING

Previous lower-hybrid-heating results [2] have indicated that a good
coupling efficiency of 90% can be obtained with a four-waveguide launcher,
efficient ion heating (A T¡/Tj = 50-60% or ~ 1 eV • kW"1 ) is possible on
application of 135 kW RF power, and the high-energy ion tail observed on the
perpendicular CX spectra correlates with parametric decay instabilities in the
boundary plasma region. In the present experiments, the output from the RF
power source has been increased from 200 to 320 kW (4 X 80 kW klystron).
As a coupling system, we employed an array of four rectangular waveguides;
its size was changed from 1.4 cm X 29 cm to 3.3 cm X 29 cm to obtain a
favourable refractive-index (N z ) spectrum. The N z spectrum calculated from
Brambilla theory [3] peaks at N z = 5 with a half-width of ANZ = 3 at a phase
difference of A0 = 180°. This spectrum must be effective for ion heating. A
typical target plasma used for the ion heating experiment is characterized as
follows: B t = 16 kG, I p = HOkA, a = 25 cm, He = ( l - 3 ) X 1013 cm" 3 and
V L = 1.5-2.0 V.
A good coupling efficiency of 70—90% was obtained up to an input RF
power of 320 kW with an optimized launcher; so a net RF power of more
than 200 kW was launched into the plasma at A0 = 180°. The duration of
the RF pulse used is 15—30 ms.
Tangential CX spectra with and without RF power are shown in Fig. 1 a.
The thermal ion temperature tangential to B t as obtained from a tangential
analyser was in good agreement with that perpendicular to B t obtained by a
perpendicular analyser. A remarkable feature of the tangential CX spectra is
the existence of a high-energy ion tail, which is in contrast to other experimental observations where the high-energy ion tail has not been identified [4,5].
The decay time of the high-energy ions was, however, 1—2 ms, which is longer
than that of the perpendicular spectra of about 0.3 ms and is comparable to
the slowing-down time of energetic ions near the plasma centre. Therefore, the
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FIG.l. (a) Tangential CX spectra with and without RF power. High-energy ion tail is seen
in the same way as in the perpendicular CX spectra, (b) Time evolution of various ion
temperatures. Tangential ion temperature atr-0 cm, Doppler ion temperatures O VII at
r = 10 cm and C Vatr~.ll
cm.

energetic ions existing near the plasma centre must be responsible for the bulk
ion heating. The time evolution of various ion temperatures for an RF power
of 200 kW and ñ e = 1.9 X 10 13 cm - 3 is shown in Fig.lb. We note that the
central ion temperature during the RF pulse is nearly the same as the electron
temperature due to the laser scattering.
The one-turn voltage decreased within a range of 10%; this decrease corresponds to an increase of the electron temperature from 630 to 690 eV by
laser scattering. The increase in the electron temperature does not seem to be
due to direct electron heating by RF power, but to the decrease in energy
transfer from electrons to ions because the power deposited to the electrons
may stem a little from the optimized N z spectrum for ion heating. The
electron density did not change, in almost all cases with Ti-gettering, while in
cases with intense Ti-gettering it decreased by 10—20% during the RF pulse [6].
On the other hand, in cases without Ti-gettering, it increased by 20—30%. Light
(0,C) and metal (Fe, Ti, Mo) impurities both increased to some extent, but this
is not serious because of the originally low impurity level.
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TABLE I. ENERGY BALANCE WITH AND WITHOUT RF POWER.
P D IS THE DEPOSITED RF POWER. HEATING EFFICIENCY 77 = P D / P R F

"e

(m" 3 )

vL

(V)

Without RF

With RF
P R F = 200 kW

.1.9 X 10 19

1.9 X 10 19

2.1

1.9

!p

(kA)

110

110

Pi2

(kW)

231

209

Teo

(eV)

630

690

Ti0

(eV)

400

700

We

(J)

985

1010

W¡

(J)

540

870

Qe-¡

(kW)

53

6

e)

(ms)

5.5

5.0

*$

(ms)

10.2

7.5

TE

(ms)

6.6

5.9

PD

(kW)

4

110

-

600
- OPTIMIZED
LAUNCHER

•$ 400

2eV/kW

EOO

- ^ .»./kW
, ^S^PREVIOUS \ ¿ f
LAUNCHER
0

100
200
PRF(kW)/ne (Kfrrî 3 )

FIG.2. Ion temperature increase versus normalized RF power. Previous results are also
shown and the improvement of ion heating efficiency more than twice is clearly to be seen.
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The ion heating efficiency as calculated in the steady state on the assumption of neoclassical transport reached 50—60% as shown in Table I. The
dependence of the ion temperature increase on the normalized RF power is
shown in Fig.2, together with the previous data. An improvement in the ion
heating efficiency of more than twice the previous value is clearly seen. This
result confirms the importance of the N z spectrum. The dependence of the
ion heating efficiency on the electron density was also investigated ; it turned
out that, at a density of less than ñ e = 1.0 X 1013 c m - 3 , the efficiency decreased
abruptly; this critical density agrees well with the requirement that a turning
point should exist in the plasma. Above the critical density, the efficiency
remains almost constant and decreases only slightly, even at ñ e = 3 X 1013 c m - 3 ,
where the turning point exists in the outer region of the plasma. These features
of the ion heating efficiency cannot be explained by linear LH-heating theory
alone, so some non-linear processes are assumed to play an important role in
bulk ion heating. This wide density window of the ion heating efficiency is very
favourable for LH-heating itself. The perpendicular CX spectra have shown the
existence of a high-energy ion tail with a short decay time (0.3 ms in our case),
and their counts correlated with tne intensity of the lower side-band of the
electrostatic wave spectra. Therefore, parametric decay instabilities excited in
the outer region of the plasma are responsible for the production of the highenergy ion tail and seem to be a major loss channel for RF power. Further
studies are necessary to clarify the reasons for the fast loss of RF power.
In the present experiments, it was observed that the electron temperature
of the peripheral plasma strongly affects the bulk ion heating. At relatively
high electron temperature, efficient ion heating was observed. Thus, it is
suggested that more efficient ion heating is possible by increasing the peripheral
electron temperature which affects the parametric decay instabilities. From
this point of view, a hybrid heating experiment with neutral-beam injection of
about 500 kW was carried out. Preliminary data showed a decrease in side-band
intensity with increasing peripheral electron temperature due to neutral-beam
heating. This result is also favourable to LH-heating in future large tokamaks.
The results on LH-heating may be summarized as follows:
(1) Efficient ion heating of (2—3) eV • kW - 1 • 1013 c m - 3 was obtained with
an optimized launcher, on the application of 200 kW RF power.
(2) Tangential CX spectra showed the existence of high-energy ions with a
decay time of 1—2 ms at the plasma centre, which must be responsible
for the bulk ion heating.
(3) It was found that the electron temperature of the peripheral plasma plays
an important role in bulk ion heating. Preliminary results of hybrid
heating experiments with neutral-beam injection showed the possibility
of suppressing parametric decay instabilities in the outer plasma region.
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HIGH-j3 STUDIES WITH NBI

Plasmas with a wide range of parameters, i.e. R/a= 3.5—4.75, q a = 2.0—4.2,
n e 0 = (2.5-11) X 1013 cm" 3 , and B t = 0.95-1.4 T, are heated by NBI of
0.8—1.2 MW. The NBI system consists of a co- and a counter-injector.
In Fig.3, observed /3-values are compared with critical /3-values obtained
from ballooning analysis, which is very sensitive to the plasma profile. An
optimized pressure profile at the critical value [7] is compared with the experimental data. The observed total /3-values including the beam component are
higher than the critical /3-values in many discharges, e.g. the maximum j30 and
the maximum </3> are 1.7 and 1.3 times higher than those critical values,
respectively. No novel behaviour is observed in such a high-/3 plasma. We may,
therefore, say that the high-n ballooning mode does not limit the j3-value.
It must, however, be noted that the maximum thermal /3-values are only slightly
higher than the theoretical values and, moreover, the j3p value measured by
magnetic probes is equal to the thermal )3p, within experimental errors. These
results suggest an anisotropic structure of the beam component.
(a)

.'.

•
•

••

L2 fe .

q0~2.5
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.

(b)

•• • •
* •.
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FIG.3. Critical (¡-values obtained from ballooning analysis and observed ^-values. R/a: aspect
ratio, qa: safety factor, j30 •' peak (S and <|3): average /?. oA: due to thermal component and
• ± : including the beam component in experiment.
" " !' • critical peak (i-value from the
analysis and ill tin: critical average ¡i-value. The lower lines indicate the critical values
for q0 = 1 and the upper lines for q0 = 0.9.
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FIG.4(a). Peak fi-values and peak temperatures. Solid lines indicate numerical results with
X e = 2 X 10"/ne(cnr3)cm2'S~l,
Xi = 1-5 XneO- De = 8 X 10i6/ne0(cm-3)
cm2 • s~l,
a = 25 cm, Ip = 130 kA, Bt = 1.1 T. Experiment is carried out with Bt = 1.1 T, Ip - 120~150
and a = 25 cm (om) and a = 21 cm (© ®).
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FIG.4(b). Thermal peak ^-values and temperatures. Solid lines indicate the numerical result.
Numerical and experimental conditions are the same in Fig.4(a) except Bt, a = 25 cm and
neo = (5-7)X 10i3 cm'3.
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The parameter dependence of the observed ^-values on the safety factor q a
seems to be similar to those of the theoretical values (Fig.4). This parameter
dependence is, however, due to the characteristics of conventional tokamak
discharges rather than to high-/3 characteristics', i.e. a higher-|3 plasma is easily
obtained in a lower-q plasma. From these results, it can be said that a higher
|3-value may be obtained by increasing the heating power.
The observed temperature and 0-value are analysed by using a tokamak
code including NBI heating, neutral-particle transport and MHD activities [8,9].
The density and temperature profiles and the parameter dependence on plasma
density and toroidal magnetic field B t are well explained by the tokamak code
with tlw same heat conductivities as in Ohmic plasmas: x e = 2.0 X 10 17 /n e cm2 -s _ 1
and Xi — 1-5 xneo> where n e is the plasma density in cm - 3 and xneo t n e neoclassical
value.
The density clamp as observed in ISX-B with NBI heating [10] and in
JFT-2 with LHR heating [6] is also observed in this experiment. In a helium
discharge, however, density clamping is not observed. The phenomenon is
related to particle re-cycling at the first walls rather than to an enhancement
of particle transport.
Usually, metal impurities such as Ti, Fe and Mo increase with high-power
heating. This increase can, however, be suppressed by intense gas puffing during
the NBI phase. Edge cooling is observed with intense gas puffing. The radiation
loss power is mainly due to oxygen and is about 20% of the total input power
during NBI heating.
The MHD activities are modified by NBI heating. A larger amplitude and
a longer repetition time of sawtooth oscillations are observed but can be
explained by the same mechanism as in Ohmic plasma. In extreme cases, the
sawtooth oscillations are strongly deformed and disappear completely, but we
note that this behaviour is observed in low-/? plasmas, in some cases [11].
Therefore, these phenomena are not due to a high-j3 effect.
In conclusion, we may say that a high-0 plasma of/30 = 10% and ((3) = 3%
are obtained stably. These values are higher than the critical /3-values from
ballooning-mode analysis. No new adverse effect on plasma confinement is
observed. Therefore, a higher j3-value may be obtained by optimizing the heating
conditions.
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DISCUSSION
ON PAPERS T-2-1 TO T-2-3
A.M. RUBENCHIK: From an analysis of the experiments is it possible to
draw any conclusions about toroidal effects on the energy penetration into the
centre of the plasma?
G.F. TONON: Toroidal effects have not been directly observed in these
experiments.
F. SANTINI: How do the energetic ions detected in the parallel direction
in JFT-2 vary as the density is increased from 1 X 1013 to 3 X 1013 cm" 3 ?
G.F. TONON: No detailed study has been made of the change in the
tangential energy of the fast ions as a function of ñ e . For ñ e between 1 X 1013
and 1.9 X 1013 c m - 3 , there is no significant change in the apparent temperature
of this ion tail.
M.S. RABINOVICH: I have two purely practical questions. Firstly, it was
only on JFT-2 that the lower-hybrid heating results were comparable with those
for ion-cyclotron mode. Is this not due to the better wall cleaning methods
used on this device? Secondly, has it been shown possible to operate with a
grill system with a power of (5—10) kW -cm - 2 in the presence of a plasma?
G.F. TONON: The excellent results obtained on JFT-2 in terms of both
the heating efficiency, as shown by the absence of harmful parasitic effects,
and the increase in ñ e or Z eff seem to me to be due essentially to the very good
conditioning of the coupling structure, which enabled 290 kW to be injected
into the torus.
On your second question, I might point out that an HF power density of
4.5 kW • cm - 2 has effectively been used in the ALCATOR-A experiment.
F.R. KOECHLIN: In the very interesting experiment performed on JFT-2,
where an efficiency of 55% in ion heating is reported, it can be seen that the
energy lifetime is reduced by the heating. Can you comment on this?
G.F. TONON: The energy confinement time is effectively reduced during
hybrid-frequency heating, as has been frequently pointed out at this conference,
and also with neutral injection or ion cyclotron frequency heating. On JFT-2,
bolometric measurements have shown a power increase during HF pulsing
between 30 and 70 kW. This could explain the decrease in the global energy
confinement time.
A. BERS: You mentioned that the excellent heating results on JFT-2
were obtained after the waveguide array had been optimized. Could you say
what changes were made? And could you also give us the value of the plasma
edge temperature?
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G.F. TONON: For the coupling system the changes were as follows:
Quantity

a

(kW)
(cm)

b

(cm)

PHF

s

total

P

Old system

New system

<200

<320

29

29

1.4

3.3

162

(cm2)
2

(kW-cirT )

£

1.2

383
£

0.85

No systematic measurements were made of the plasma edge temperature.
Results from earlier experiments show that on JFT-2, T escrape . 0 ff « 10 eV.
L. DUPAS: I would like to say that in the JFT-2 experiment the
optimized grill has an average parallel index one half that of the original grill
so that the power threshold for the parametric decay is twice as high. This may
contribute to the better efficiency of the optimized grill.
G.F. TONON: The comparison of heating efficiencies on JFT-2 with the
old and new grills was made with essentially the same mean value of N |j.
M. PORKOLAB (Chairman): I would like to make a brief comment
regarding coupling with waveguides. In Versator II, we conditioned with RF
pulses for several weeks and yet we still obtained phase-independent results
at power intensities P > 0.4 kW • c m - 2 . We feel now that low-density plasma
could form in the waveguides (not necessarily causing breakdown! ) and
introduce arbitrary phase-shifts so that phase control is lost. We believe that
initial baking of the waveguides at 300-350°C may be important (as carried
out by the Japanese in JFT-2).
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Abstract
PROPAGATION AND HEATING BY ELECTRON CYCLOTRON WAVES IN A TOROIDAL
PLASMA.
The results of theoretical studies on electron cyclotron heating by extraordinary waves in
a tokamak are presented and discussed. The paper is concerned with theoretical results relevant
to problems of propagation and heating by extraordinary electromagnetic waves (XM) of a
tokamak plasma; the evaluations are performed with reference to the data of a moderate-size
tokamak with toroidal magnetic field Bj ~ 10 kG and electron temperature of some hundreds
of eV. It is known that for reasons of accessibility, the XM wave must be launched from the
high-field side of the machine and in low density conditions, i.e. to pe /£2 < 1 on the axis of
the torus, o j p e and Í2 being the plasma and electron cyclotron angular frequency, respectively.
Estimates of the optical depth for the XM mode in crossing the electron cyclotron frequency
layer show that the heating efficiency scales like n.. (ny = k¡| c/co is the local parallel
component of the index of refraction of the wave), so that the XM mode should be injected
with as small an angle as possible between the launching direction and the toroidal magnetic
field.

1.

LINEAR THEORY AND RAY TRACING

In these conditions (nu ~^> Vt/c), relativistic effects are negligible and raytracing calculations based on classical dispersion relations show that the power
deposition of the extraordinary electromagnetic wave (XM) in single-crossing
reaches values as high as 70%.
When the wave is injected perpendicularly to the magnetic field, the electron
cyclotron frequency (ECF) resonance layer becomes thin and essentially all the
power injected reaches the upper-hybrid frequency (UHF) layer where it is
converted into Bernstein waves. The XM primary rays are, in this case, traced with
a truncated form of the relativistic dispersion relation and are then matched, near
the UHF layer, to Bernstein rays traced with the full (classical) electrostatic
dispersion relation. Rapid increase of the index of refraction of the wave at the
537
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FIG. 1. Equatorial projections of the XM
trajectories with mode-converted Bernstein
rays, for different values of the angle a
between the direction of injection and the
toroidal field, a = 20°, 40°, 60° and 85°
for rays 1, 2, 3 and 4; peak electron
density = 7 X 1012cm~3;
electron
temperature 200 e V; toroidal field on
axis 10 kG; plasma current 70 kA.

conversion region permits a classical treatment. The two types of rays match
smoothly at the conversion point and then the Bernstein rays turn back towards
the core of the plasma and the ECF layer, where they are absorbed with a 100%
efficiency [1]. Extensive numerical calculations are required to determine the
spatial regions within the plasma where the power carried by the wave is deposited.
In fact, owing to the presence of the poloidal component of the magnetic field
and the longitudinal character of these waves, ny varies appreciably within the
conversion region and along the Bernstein rays, and this in turn has a strong
influence on the damping of the waves. Numerical evidence (see Fig.l) shows that
only those rays which have been generated by mode-conversion of primary XM
modes launched obliquely with respect to the magnetic field, deposit their energy
at the plasma core and sufficiently near the ECF layer. In all other cases, the
power carried by Bernstein waves will be deposited near the UHF layer and at
the plasma periphery.
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539

FIG.2. Plot of the real part of n for the
XM mode versus the slab abscissa x in
the case co = 2 £2. Propagation is at 90 ,
peak electron temperature 2 ke V, aspect
ratio 4.3. The numbers on the curves
are for the density parameter
(cope/ü,)2.

The possibility of heating by means of XM waves at the second electron
cyclotron harmonic (co = 2Í2) has also been analysed in a slab geometry with a
numerical code which finds the roots of the relevant relativistic dispersion relation
at 2Í2 for a Maxwellian plasma. With

X=u)£e/o)2, Y 2 =Œ z /w , X=n£/yY¿, u=mc¿/T
the components of the dielectric tensor are as follows [2]:
£

1 x

- /(1-Y2)-AX/(2(1+2Y))-(yXA/2)if/7/2
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1 x
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The functions ^ q are defined as
ij/q(z,a)

= -ie

/ dt
0

e

i(z-a)t+a/(1-it)
d-it)^

with a = \ /Ltnj^ ; z = ju (1-2Y).
The dispersion relation turns out to be a fourth-order algebraic equation
in n\. For sufficiently high values of the parameter X (in fact, when X > 0.28)
and sufficiently small values of nj|, it is shown that there is coupling between
the XM wave at co = 2Í2 and that Bernstein waves exist when co > 2Í2 (see Fig.2).
That is, in the range 0.25 < X < 0.28, the closeness of the (complex) indices of
refraction of the XM wave and the quasi-electrostatic wave brings about the
coupling of the two normal modes according to evolution equations of the
amplitudes with a coupling coefficient [3]:
1
ty = O
(n

B

"

n

XM>

In this case, the optically thick Bernstein wave can transfer or absorb energy
from the XM mode propagating from the low-field side. For X > 0.28, a new
regime is entered in which the XM mode coming from the low-field side is cut
off at co = 2£2, while the XM branch coming from the high-field side is completely
linearly converted into the Bernstein mode at 2Í2. This can have interesting
implications for heating and diagnostic purposes. Moreover, with regard to
electron Bernstein waves, the classical dispersion relation, with |k||/kjj<^ 1,
may be written for co = ni2 (n = 1, 2,...) in the simplified form:

—ïïkf

- <«pe /n)

D

(1)

c

uI^N/AO
where
N= N ' + i N " =kc/£2 ; y = 0)/í2
D

0

- - g ( p / 2 , V 2

z

|

( ) l / 2 )

1 / 2

( y

„

n ) / H N

| . ^ n

Z is the plasma dispersion function and I n a modified Bessel function.
When N|| -• 0, this dispersion relation exhibits a singularity of the refractive
index in the upper (backward) branch for any n, and a cut-off in the lower
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(forward) branch for n > 1, both in the resonant position co = nSl. In this limit,
a relativistic treatment removes every singularity [4]. In the mildly relativistic
case Ou ^> 1), the backward branch is described, close to resonance, by the
relation
N;

(03^e/Q2Xy3/2Tr)1/2D]

(2)

where
D = yF0
r
2

£ (y-n-N,f/2y)

_ y+2n
y+n

and
F2(Z)

= -i

izt
/ dt
d-it)
0

Both branches turn out to be well approximated by Eq.(l) replacing D c
by D r . Figure 3 shows the correct value of both the real and imaginary part of
the refraction index for n = 1,2. For the forward branch (n = 2), the cut-off is

FIG.3. Plot of real (N*.) and imaginary (Njf) part of the refraction index of electron Bernstein
waves near the fundamental (y = 1) and second (y = 2) cylotron frequency, for normal
incidence (N|| = 0), and relativistic parameter (X = 500. y = 1.4 is the location of the upperhybrid frequency.
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displaced to the left of the resonance, in a region where electromagnetic effects
must be taken into account. It may be observed that the group velocity bœ/bki,
which in the classical treatment tends to vanish at resonance, in a relativistic
treatment has a finite value, determining basically a penetration in the œ < Q,
region.
From the wave-particle resonance condition:

1 /2
k||P||/m+nSÎ = o ) ( 1 + p 2 / m 2 c 2 )

'

we see that resonance curves in momentum space are strongly modified by
relativistic effects when the propagation is nearly perpendicular. For instance, for
waves around the ECF with perpendicular propagation towards decreasing magnetic
field, the interaction occurs first with highly suprathermal electrons followed, in
space, by the thermal electron component, and stops at co = £2. The absorption,
especially in the suprathermal region, will strongly depend on the shape of the
electron distribution which, in general, will not be Maxwellian. With this aim, an
evaluation of the dielectric tensor for non-Maxwellian distributions is needed. As
an example, for the antihermitian part of the dielectric tensor for an extraordinary
wave in perpendicular propagation, to the lowest order in thermal corrections,
we obtain
TT 3 e 2 m 2 c 3

a
e

= 0)

(Y¿-1)1/2[|(Y¿-1)(a¿-Ia¿,-|Yoa2]|¡

"i

2

where 7 0 = í2/co, and the electron distribution has been expanded as
oo

f(v,

cos9)

= £ a n (y)
n=0

Pn (cos6)

with 7 = (1 + p 2 /m 2 c 2 ) 1/2 . The functions a n and their derivatives are evaluated
at the resonance 7 = 7 0 . The contribution due to the a2 term represents the effect
of the deviation from the Maxwellian distribution. Finally, we observe that the
absorption mechanism can be modified when the electron distribution is not
Maxwellian.

2.

QUASILINEAR THEORY

Quasilinear processes are also modified by relativistic effects [5,6]. In this
frame the dynamics of electrons can be described as a diffusion of resonant
particles in momentum space along diffusion lines. The relativistic quasilinear
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equation is obtained by extending the method developed by Kennel and
Engelmann [7]. For resonant particles one writes:

at - ™2£ ;M*

( V ~akp±

)

6i

k

\-

iiTi "

ni2A)

X<|l(Ex,-iEy,)Jn_1+I(Ex,+iEy,)Jn+1
+ E

zJnVl|/Vxl2>ak

f

(3)

where
G, = y(1-k|,vn
/Ü) )
,
k "
1 VK / " VV 3p ±

£|L2L
(bk

3p„

and E x ' >y ' are the amplitudes of the Fourier components of the electric field in
the frame x', y', z (rotated with respect to the laboratory frame x, y, z), where
k is in the x', z plane and the external magnetic field along the z-axis. The
argument of Bessel functions entering Eq.(3) is kj.vj/y/i2. From this equation we
get that the diffusion lines for fixed n and co are given by the equation:

(1+p2/m2c2)1//2-(w/2nfi) p^/m 2 c 2 = const
We notice that the diffusion lines do not depend explicitly on the propagation
angle or on the particular branch taken into account. These quantities enter the
determination of the diffusion coefficients. Typical diffusion curves in the
momentum space py, pi are shown in Fig.4 with reference to three different values
of the parameter co/n£2. We note that as co approaches n£2, diffusion lines become
nearly perpendicular, i.e. particles acquire transversal energy, while for a) not too
close to the resonance, transfer of parallel energy also occurs. For a given spectrum
of waves with a fixed frequency co and a bandwidth Aky, the energy transfer can
be computed using the resonance regions and the diffusion curves. In particular,
the nature of the heat flux parallel to the magnetic field can be investigated in
detail [5].
Referring to electrostatic waves, the power absorbed in conditions of steady
input by a plasma slab of unit surface between the positions x 0 and x turns out
to be
x

aw!1

P = /

x 0 9t

~

9£R(XO>

„

d x = 2Q f dk|, X(k|, , x 0 )

"

"

-T(X)

(1-e

ay

w

)
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P¿/mc

P||/mc

FIG.4. Diffusion lines in the pj¡, p¿ plane.
Three different families of curves are
shown, referring to the values: co/ni2 =
0.9 (solid lines); w/n£2 = 1.1 (dashed
lines); and co/nQ, = 1.4 (dotted lines).

where
el

aw:

21 dk|, X(k|, , x 0 ) e " T ( x ) u 3 e-j. ; ü =

fig(x)

9t
is the local power density gain of the resonant electrons; x (k||, x) is the wave
energy spectrum; e = € R + ie¡ is the dielectric function and T = 2/k|'dx. Both e\
and r(x) should be determined by the evolution of the electron distribution
function f 0 (p,t). As long as the condition |kj7kj_|<^ 1 is satisfied, a quasilinear
approach is adequate to describe this evolution. As shown in Ref. [8], where the
procedure of Ref. [9] is extended to the relativistic case, the plasma diffuses in
momentum space with a diffusion tensor given by

D(£,x,t)

= 8(*!

n

dk,

Xi

-T

J 2 (SEL)w._ n w n 6(cú-k||V | , - n f l y )
n m0£3

with Wn = (ní2(x), O, k||p||/m 0 ) in (pi, <¡>, pjj) space.
The portion of the electrostatic wave spectrum with N|| > 1 causes a
diffusion in p-space which can be conveniently treated within a classical approach
[10]. For the residual portion ANy of wave spectrum, around Ny = 0 the diffusion
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in momentum space (and consequently the energy gain) is basically perpendicular,
in the resonant range Api pertaining to AN||, and is described (for n = 1) by the
equation:

3fo

1

a

8f

at

p

9Pi

3PX

i

D|
(E , x , t) . 8 r
X

emo (x

" 'f r X 3 £ H/^) ( ^ e - T ( X )
/

\

XJ

o

Pi

L

klzZeR/Sk¿

í/IV- p ll / m o^l
Jk

1

with

v gz=
=

3 b)

3k7 ' V

m

-fi

-|-<Y-9Cx>)

and k]_ given by the dispersion relation (2).
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DISCUSSION
F. ENGELMANN: There are four comments I would like to make. First,
the connection between the extraordinary mode and the Bernstein mode close to
the second harmonic of the electron cyclotron frequency coce at high plasma
densities was also discussed by M. Bornatici in his invited paper at the Nagoya
Conference (April 1980).1
Second, since the absorption of the extraordinary wave around 2o; ce is found
to be strong when the coupling with the Bernstein mode appears, effectively very
little energy can be transferred to this mode (or emitted by it).
Third, there are stringent limitations on the applicability of a zero-order
WKB theory to low-temperature plasmas in a low magnetic field, in particular
close to the second harmonic and at perpendicular propagation.
Fourth, under the conditions which are interesting in practice, collisional
effects tend to be more important than quasi-linear phenomena in determining
the electron distribution function in the presence of waves near the electron
cyclotron frequency.
E. LAZZARO: In the work described in our Ref. [3], which is earlier than
the paper you mention, the need to analyse the coupling problem at 2coce beyond
the WKB limit is clearly stated. I agree with you that the coupling condition
could turn out to be very critical for effective heating purposes, but I think that
the technique described may be useful as a diagnostic tool. In connection with
this last point, some idea of the quasilinear modification of the distribution
function may be obtained from the ratio between the quasi-linear and collisional
diffusion coefficients: the details of this calculation can be found in our paper
to be presented at the Como Conference and also in Ref. [10] in the present paper.
We have shown that for reasonable power inputs, quasilinear effects may
predominate over collisional effects, leading to possible self-transparency.

1
Proc. 4th Kiev Int. Conf. on Plasma Theory and 4th Int. Congress on Waves and
Instabilities in Plasmas, Nagoya, 1980, Vol.2, p.271.
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Abstract
TFR 600 NEUTRAL-BEAM HEATING RESULTS.
Experimental results from quasiperpendicular high-power (0.8-1 MW) neutral-beam
injection on the TFR 600 tokamak are reported. The trapped fast ions show all the
characteristics of a classical feature. This allows the study of the behaviour of a dense plasma
(ñ ~ 1014 cm -3 ) whose electron and ion temperatures have been significantly changed by
fast-neutral injection ( ATei¡ s 350 eV). No increase of global energy confinement time has
been observed, but a large increase of internal disruptions appears. This helps to explain the
internal disruption mechanism and emphasizes their importance.

1.

NEUTRAL-BEAM INJECTION SYSTEM

The TFR 600 neutral-beam injection system consists of two beam lines,
each composed of five duopigatron ion sources (extraction diameter 10 cm).
The beams form an angle of ±15°, ±9° and 0° in the poloidal direction and
are focused on the magnetic axis. In the toroidal direction the beams form an
angle of 75° in the direction parallel to the plasma current. Each beam line
is pumped by two water-cooled titanium pumps whose total pumping speed
is 8 X 104 ltr-s - 1 . The conductance between the injection system and the
TFR 600 vacuum chamber is 104 ltr-s - 1 , so there is some interaction between
the two vacuum systems. These consequences have to be taken into account
in interpreting some diagnostics and in the build-up of the plasma. Each ion
source has been individually tested at 40 kV up to a current of 10 A. However,
when all the sources work together, we have, up to now, been unable to
extract more than 1.1 MW at 34 kV per beam line owing to some interactions
between the sources which result in frequent breakdowns. The precise causes
of these phenomena are not yet known. So, for one hydrogen beam line,
the maximum power which has been injected in the torus is =500 kW for an
extracted power of 1.1 MW. Therefore the maximum injected power is
estimated to be 1 MW; experimental results obtained in these circumstances
are given below.
547
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The deuterium target (D+) plasmas have the following parameters:
Ip = 200-320 kA; Btoroidal = 37-48 kG; mean density n e = 8-12 X 10 13 cm -3 ;
Zeff = 2. The hydrogen beam parameters are: E = 26-34 kV; Pinjected = 0.1 - 1 MW;
pulse duration 60—80 ms sufficient to reach stationary state.

2.

BEHAVIOUR OF FAST IONS CAPTURED IN THE PLASMA

Our main conclusion is that in all the experimental situations studied, the
behaviour of the fast ions seems classical. This conclusion is drawn from
comparison between the experimental results and the predictions given by a
Monte-Carlo simulation code [1 ] which calculates the real trajectories of the hot
ions in the real magnetic configuration, thus taking into account localized
particle losses, which are especially important in a quasi-perpendicular
injection. The plasma characteristics required by the Monte-Carlo code have
been either measured (T e (r,t); Tj(r,t); n e (r,t)) or calculated by a onedimensional simulation plasma code, as, for example, the neutral density
whose boundary value has been experimentally checked. The escaping fast
neutral energy distribution is measured with the help of three carbon-foil
high-energy electrostatic analysers which have been absolutely calibrated.
With only one injection beam line in operation (therefore at low injected power)
the profile of the fast neutrals has been measured.
Figure 1 shows the spectra, with the analyser looking at the plasma centre
(Fig. 1(a)) and at the plasma boundary (Fig. 1(b)). These two spectra are
very different. For r = 0 cm the spectrum is monotonie and presents two small
maxima coming from the energy composition of the injected beams. The fast
particles injected at maximum energy are well confined in the plasma and have
enough time to degrade their energy before being lost by charge-exchange
(^degradation = 5 ms <^ rcharge exchange = 50 ms) or by trajectory effects. For
r = 16 cm the two peaks are well separated. The hot ions are lost before their
energy is degraded, either by charge exchange because of the large neutral density
or by ripple losses, the ripple of the configuration being effective and large
at this radius. Figure 1 also shows an absolute comparison between the code
calculations and the experimental results. For r = 0 cm the agreement is rather
good (±30%); for r = 16 cm the agreement is about a factor 2. This good
agreement was obtained whatever the ion source in operation. At high injected
power (two beam lines working) we only have measurements with the analyser
looking at the plasma centre, and agreement remains good in the two domains:
B T = 37-48 kG; I-p = 300 kA; I p = 200-320 kA; B T = 45 kG.
To confirm the charge-exchange measurements, the time evolution of the
neutron flux was investigated in D + plasma with a D° beam. The absolute flux
(2 X 1012 n-s - 1 ) and its decrease after cutting off the injection were again well
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Spectrum of fast neutrals emitted on (a) a central chord and (b) a peripheral chord.

reproduced by numerical calculations. So two independent methods show that
fast ions trapped in the plasma behave nearly classically up to an injected
power of 1 MW even if a broad spectrum around GJCH o r 2COCD + n a s been
measured. This inspires confidence in the calculated energy deposition profiles.

HEATING RESULTS AND ENERGY BALANCE
The plasma heating was studied under the experimental conditions
described in Section 1, the isotope plasma composition measured by mass and
energy analysis being ny^/nif s 20-30%.
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FIG.2. Central ion and electron
temperature increases, total energy
increase, versus injected neutral power.
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FIG.3. Enhancement of power loss
versus injected neutral power: bolometric
measurement, M XVIII emission, and
temperature of the inner limiter.

For a similar plasma target (Ip = 300 kA; Bv? = 45kG; ñ = 1.2 X 10 14 cm - 3 )
the electron and ion temperature increases are measured versus the injected
additional power (P N ). Both central electron and ion temperatures increase
linearly with P N (Fig. 2) and are quite close (as expected), the electron and ion
equipartition time, r eq ~5 ms, being much smaller than the energy confinement
time TE ~ 20-30 ms. The total plasma energy increase [Aj3*] might show a
saturation at high power. During the neutral pulse the total radiated power
determined by bolometers rises significantly (Fig.3). A large but uncertain
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part of this rise can be attributed to charge-exchange losses of the beams and
of the plasma. Another part of the rise is due to an increase of metallic
impurities (mainly nickel, the most important constituent of the Inconel
limiter) as measured by UV spectroscopy. The same measurements show no
effect on the boundary flux of the light impurities. The surface temperature
of the inner part of the limiter measured by an infrared detector (InSb diode)
presents a saturation for P N > 250 kW (Fig.3). Although the absolute determination
of the temperature is uncertain, because the Inconel emissivity is not well
known, the limiter temperature obtained for PN = 250 kW (1160-1290°C)
seems to be of the same order as that of the melting point of the Inconel 600.
The origin of the nickel increase should therefore come mainly from the
limiter, which receives a large amount of the additional power.
An indication of the energy deposition profile can be deduced from the
observed values of dT e (r)/dt and dTj/dr at the beginning of the heating. For
a particular experiment, soft X-ray analysis gives the results shown in Fig.4.
Pbe
(W-OTÏ3)

© Monte Carlo
© Soft X-rays

15

radius (cm)

FIG.4. Power deposition profile on the
electrons. Broken line: deduced from
soft X-ray slope at injection start-up.
Full line: derived from Monte-Carlo code.

The agreement with the values calculated by the Monte-Carlo code is fairly
good. The total power deposited by the beams into the plasma can also be
deduced from magnetic measurements of the pressure j3poioidal at the start of
the heating pulse. We can write:
W0

dj3Poi

0polo

dt

where W0 and /3poi0 are computed from the n e , T e and Tj profiles just before
injection (in our case the beam contribution to the pressure is small). The PN
value thus deduced is generally in agreement with the one obtained by integrating
the power deposition profile deduced from the code, a profile of which is shown
in Fig. 5 and compared with the Ohmic profile.
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TABLE I. POWER BALANCE
Without
injection

With
injection

590

500

Neutral power, kW

0

580

Thermal energy, kJ

20.7

Ohmic power, kW

27.7

Total radiated power, kW

400

550

Conduction+convection power, kW

190

540

Energy confinement time, ms

35.0

26.0

P(W-cm'3)

2 -
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FIG.5. Power deposition profiles calculated from the 1-D code.
PQ_: Ohmic power
P\¡\: fast neutral power deposited on
ions
Pbe-' fast neutral power deposited on
electrons

A global energy balance of a well-documented experiment is shown in
Table I. The ion and electron thermal energies are obtained by integrating the
experimental data over the plasma radius (a = 19 cm) at the stationary state
(40 ms after the beginning of the pulse) with and without injection. T e (r) and
Ti(r) profiles are shown in Fig.6 and are quite similar, which is natural in a
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250

FIG. 6. Ion and electron temperature
profiles before and during neutral
injection (injected neutral power 580 kW).
The electron density profile is plotted
in the insert.

dense plasma. The power losses (radiation + charge exchange and conduction +
convection) are deduced, respectively, from the bolometers and the time
evolution of the limiter surface temperature.
Table I clearly shows that the total heating power grows from 590 kW to
1080 kW (83%) while the total thermal energy only increases from 20.7 kJ
to 27.7 kJ (34%). Consequently the energy confinement time decreases from
35 ms to 26 ms. This is a quite general trend in TFR 600. Indeed, in another
experiment (I p = 240 kA; B^ = 40 kG; a = 17 cm; ïï= 10 14 cm' 3 ;
Pinj = 400 kW) we also observe that the energy confinement time decreases
from 25 ms to 22 ms. This decrease is due not to enhanced radiation but to a
large increase of the conduction + convection losses. At that point we are
unable to distinguish between conduction and convection losses, but we can
point out that during injection the plasma density slightly increases and does
not decrease as observed on the ISXB experiment [2]. We cannot therefore
rule out an increase in the transport coefficients during heating. Several
observations show some growth in the turbulence. Internal disruptions are
strongly reinforced (Fig.7) and influence many plasma parameters. (This point
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FIG. 7. Saw-tooth oscillations observed
on different diagnostics:
(1) soft X-rays
(2) neutron flux
(3) plasma current
(4) microwave scattering
(5) injection pulse
(6)

<JOC{ radiation

(7) ripple-trapped

particles.

is discussed in Section 4.) Low-frequency (300 kHz) density fluctuations
measured by 2-mm microwave scattering increase, as do high-frequency
fluctuations (in the coci range) detected by magnetic loops (Fig.7).

INTERNAL DISRUPTIONS
The characteristics of the internal disruptions change during neutral
injection. For low qa value (2.3) the relative variation of the X-ray signal
AI/I at the centre increases from 0.3 to 0.45. The inversion radius is pushed
outside (r = 5.5 cm -> r = 6.5 cm). The regeneration period changes from
7—8 ms to 10 ms, consistent with the TFR scaling law [3]. During heating,
very reproducible disruptions occur and it has been possible to obtain
temperature and density profiles at different times during the regeneration
period. The most striking result is that, while the temperature profile exhibits
a maximum at the centre before the disruption, it becomes hollow just after
the disruption (Fig.8). The magnetic island before the disruption may be
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insert shows the three times at which
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located inside the radius 4 - 7 cm (in agreement with soft X-ray signals) at a
temperature T i ^ ^ . The minimum central temperature Tmjn after disruption
is well below this temperature Tisiand and corresponds to a temperature located
at r = 9 cm on the initial profile. Density profiles obtained from 300-¿¿m
interferometers exhibit very similar behaviour and become hollow after the
disruption (Fig.9). However, it happens that the central density does not
reach its minimum value immediately at the disruption but 500 jus later.
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FIG. 10. Pattern of soft X-ray signal
emitted on different vertical chords.
The two upper traces are for the neutron
and hard X-rays respectively.

Other information on the ion behaviour is obtained from the neutron signals
which decrease by £30% after the disruption during a time of 0.5-1 ms,
which is smaller than the equipartition time but could be close to the response
time of the detector. The disruption also affects the charge-exchange signals
in the observed energy range ( 1 - 6 keV) and the signal delivered by electrostatic
probes situated outside the plasma which collect energetic ions trapped in
the ripple (cf. Fig. 7). Figure 10 gives typical patterns of the soft X-ray
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FIG. 11. Power deposited on inner plate
of limiter measured by InSb thermograph
and injection pulse flower traces). Soft
X-ray signal (upper trace) - 20 ms/div.

signals measured on various vertical chords. The oscillations corresponding
to island formation are clearly visible and range between r = 5-6 cm (outer
side) and r = 8 cm (inner side). The X-point of the separatrix is identified in
the equatorial plane (r = 7.5 cm) at the disruption time, and the rotation is
slow enough to be negligible at that time. The disruption seems to begin
at the time t 0 when the displacement of the plasma core towards the X-point
is enhanced. During this phase the energy content in the core does not
seem to change.
The island simply seems to compress the core towards the q = 1 surface.
At the time tx a catastrophe initiated at the X-point seems to release the
accumulated stresses. The plasma core temperature profile experiences a
sudden decrease starting from the edge of the core (r = -7.5 cm and r = 1.9 cm)
up to the centre (r = 1.9—3.8 cm). Now the liberated energy appears outside
the q = 1 surface. From the time tx a connection seems to have been established
between the core and this region through a domain near the X-point. This
behaviour is consistent with the fact that the central temperature after the
disruption is smaller than the initial island temperature. So it seems that the
usual reconnection scheme where the island area increases at the expense of
the core area through a reconnection on the separatrix [4, 5] does not predict
the data correctly. In particular we must point out that following this scheme
the temperature should increase continuously near the X-point until a core
disappearance at that point. Moreover, the central temperature after the
disruption should be as high as the island's initial temperature, in fact,it is
plausible that at ^ a singular layer appears at the X-point and that from tj
the connection between the plasma core and the outside region is due to a
turbulent mechanism in a finite region [6]. The fact that the density continues
to decrease at the centre, while remaining maximum on the surface q = 1, suggests
that the disruption leaves overheated and overdense magnetic islands on this
surface while a connection continues to exist between the inner and the outer regions.
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Furthermore, the disruptions seem to affect the energy transport during a
relatively long time in a large domain outside the q = 1 surface. Indeed,while
no significant variation of the magnetic activity detected at the plasma edge is
observed, an energy flux of about 500 kW appears on the limiter after each
disruption (Fig. 11 ). This is hard to understand without a transient increase by
a factor 5-10 of the transport coefficients outside the q = 1 surface. A similar
conclusion may be drawn from the observation of bursts of hard X-rays
beginning 200 jus after each disruption.

ADDENDUM
Shortly after the conference, the laser scattering system was carefully
calibrated for electron density by performing Rayleigh scattering, and the data
taken during the sawtooth oscillation (Section 4 and Fig. 8) were re-examined.
Unfortunately, no laser shots happened to occur exactly at the times t 0 and t 2
of Fig.9, but approximately at t 0 — 1 ms and t 2 + 1.5 ms. While at t 0 - 1 ms
we find a slightly peaked density profile, a constant density from r = —7 cm
to r = + 4 cm is found at t 2 + 1.5 ms (a slight central dip of 5% is not excluded
by the accuracy of the calibration). At the present time it is not clear if the
discrepancy between laser scattering and interferometric data (concerning the
existence of a hollow density profile) is due to the fact that these data were
not taken at the same times, or if it is generated by the assumptions underlying
the Abel inversion process (non-concentric circles as isodensity lines).

REFERENCES
[1]

[2]

[3]
[4]
[5]

[6]

DEICAS, R., MARTY, D., Rendement énergétique du chauffage par injection de
neutres rapides dans TFR, CEN Fontenay-aux-Roses Internal Rep. DPH.PFC
EUR-CEAn726(1974).
LYON, J.F., et al., "High-beta stability studies on the ISX-B tokamak", in Proc.4th Kiev
Int. Conf. on Plasma Theory and 4th Int. Congress on Waves and Instabilities,
Nagoya, 1980, Paper 7A-2, Vol.2, p.37.
EQUIPE TFR, Nucl. Fusion 20 ( 1980) 1227.
KADOMTSEV, B.B., Fiz. Plazmy 1 (1975) 710.
WHITE, R.B., MONTICELLO, D.A., ROSENBLUTH, M.N., WADDELL, B.D., in
Plasma Physics and Controlled Nuclear Fusion Research 1976 (Proc. 6th Int. Conf.
Berchtesgaden, 1976) Vol.1, IAEA, Vienna (1977) 569.
DUBOIS, M., SAMAIN, A., CEN Fontenay-aux-Roses Rep. EUR-CEA-FC-965 (1979),
submitted to Nucl. Fusion.

IAEA-CN-38/T-4

559

DISCUSSION
R.S. POST: You mentioned that the low-frequency and ion-cyclotronfrequency fluctuations increase during neutral injection. How does their amplitude
change after the beam is shut off but while the fast-beam ions are still slowing down?
P. LECOUSTEY: The time degradation of the fast-ion energy is short
(~5 ms). The behaviour of the ion-cyclotron radiation and low-frequency
fluctuations during this time have not been investigated.
M.S. RABINOVICH: There are contradictions between the TFR, T-l 1 and
ISX-B results on plasma heating by means of neutrals. In TFR there is a
deterioration in the plasma confinement on injection; this is not observed in
T-l 1. In ISX-B the deterioration with increasing density is associated with the
transition to neoclassical ion thermal conductivity. Is it not possible to explain
the discrepancy between the results in these devices by the difference in
vacuum conditions?
P. LECOUSTEY: In our high-density experiments (n e (0) ~ 1.8 X 1014 cm - 3 ),
the wall conditions are quite good, as proved by the fact that the bolometric
signal during injection only increased by a factor of 1.38. This means that
impurity and charge-exchange effects remain small. However, the power lost
on the limiter increased by a factor of 2.8, as can be seen from Table I. The
power balance and energy lifetime are only significant in a quasi-stationary
plasma such as occurs after the start of injection. The energy lifetime is the
ratio between the total energy contained and the total power given to the
plasma (Ohmic plus additional). It seems that if the poloidal /? of the plasma is
increased, the energy lifetime is reduced in all cases — Ohmic, ICRF and
neutral injection.
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Abstract
SCOPE AND STATUS OF THE USA ENGINEERING TEST FACILITY INCLUDING
RELEVANT TFTR RESEARCH AND DEVELOPMENT.
The vehicle by which the fusion programme would move into the engineering testing phase
of fusion power development is designated the Engineering Test Facility (ETF). The progress
toward the design and construction of the ETF will reflect the significant achievements of
past, present, and future experimental tokamak devices. Some of the features of this foundation
of experimental results and relevant engineering designs and operation will derive from the
Tokamak Fusion Test Reactor (TFTR) Project, now nearing the completion of its construction
phase. The ETF would provide a test-bed for reactor components in the fusion environment.
To initiate preliminary planning for the ETF decision, the Office of Fusion Energy (OFE)
established the ETF Design Center activity to prepare the design of the ETF. This paper
describes the design status of the ETF and discusses some highlights of the TFTR R&D work.
1.

INTRODUCTION

The Engineering Test Facility (ETF) is planned to serve
as the focus of the engineering testing phase in the U.S.A.
Department of Energy's (DOE's) development of fusion energy as
an economically attractive and environmentally acceptable
energy option. DOE's policy statement on fusion energy [1]
outlines three strategy phases that focus on (1) scientific
* Research sponsored by the Office of Fusion Energy, US Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation.
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feasibility, (2) engineering testing, and (3) reactor demonstration. The scientific feasibility phase is expected to
be highlighted by the TFTR operations. The ETF is considered to
constitute the primary effort of the engineering testing phase.
In December 1978 the ETF Design Center was established at
Oak Ridge National Laboratory (ORNL), and the early months were
devoted to project initiation efforts that culminated in having
the present staff of 35 all located at the Design Center as of
October 1979 and all aspects of the design evolution started.
Its objectives are to prepare the ETF Conceptual Design based on
a tokamak fusion core and to perform the associated project
engineering and planning functions in sufficient detail to support
a project planned to start operations in the early 1990's.
The progress toward the design and construction of the ETF
will reflect the significant achievements of past, present,
and future experimental tokamak devices. Some of the
features of this foundation of experimental results and
relevant engineering designs and operation will derive from
the Tokamak Fusion Test Reactor (TFTR) Project, now nearing the
completion of its construction phase. The TFTR Project has also
served as a forcing function to strengthen the capabilities to
meet ETF needs by requiring and achieving the largest extrapolations from earlier experiments in critical technological
research and development (R&D) areas.
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FIG.l. A unique on-site laboratory/industry design team guided by the senior USA fusion
programme leaders is functioning.
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The ETF Design Center's organizational concept achieves an
integration of the U.S.A. fusion strengths by bringing to one
location a staff that represents (1) the four major tokamak
research institutions; (2) seven major industrial corporations;
and (3) two laboratories that are providing materials, safety,
and environmental support (see FIG. 1). Approximately 30% of
the effort is provided by the scientific and engineering design
personnel at the home locations of the participating organizations. The ETF Design Center receives programmatic direction
from an ETF Executive Committee chaired by J. F. Clarke, the
Deputy Director of the U.S.A.'s magnetic confinement fusion
efforts. Major technical guidance is obtained from a Technical
Objectives Policy Committee chaired by H. Furth and composed of
two leaders from each of the four major tokamak research institutes.
Additional activity by the ETF Design Center includes the
responsibility of conducting the majority of the studies required
for the U.S.A. International Tokamak Reactor (INTOR) effort.
The ETF design evolution, now in its tenth month, is being
guided by the following major elements of the ETF mission [2,3].
(1) The ETF should serve as a focus for developing and testing
reactor-relevant technologies and components.
(2) The ETF should demonstrate the operation of a reactorrelevant fusion core. This demonstration consists of the
control and reproducibility of plasma parameters at fusion
power densities of several MW/m3.
(3) The ETF should demonstrate engineering operations in a
reactor-relevant environment. This demonstration includes
maintenance operations (both remote and contact), safety
procedures, and environmental monitoring.
(4) The ETF design philosophy should allow for flexibility in
the testing program. This flexibility applies both to the
testing of components and to possible machine upgrades
(e.g., electricity generation).
Although availability targets are set, at this stage of development availability should be viewed as an overall system variable
requiring optimization. In addition, high-fluence testing is
desirable, but it is now viewed not as a requirement but rather
as a potential upgrade option.

2.

ETF DESIGN STATUS

During recent years a number of TNS (The Next Step) studies
have been conducted [4-6] and have served as the basis for the
ETF Preconceptual Design. These studies defined fusion programs
based on the tokamak and relied heavily on knowledge that will
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TABLE I. ETF PHYSICS ASSUMPTIONS A N D REQUIREMENTS
REPRESENTING A N INTEGRATION OF PRESENT PHYSICS K N O W L E D G E
WITH JUDGEMENT
Issues

Assumptions

Confinement

Empirical electrons
3x neoclassical ions
Field ripple effects

Heating to ignition
with neutral
beams (rf as
backup)

Stability

Energy confinement

a = 1.3 m,
B t = 5.5 T

I s 5 MA
P
Ripple limits =
0.1-1.0%
P

NB * 5 ° M W '
T

Central alpha heating

*m

Z 6 6

s 15 keV

°

N s 5 x 10 1 3 2 x 10 1 4 cm -3

Ballooning stability

? < 6%

Tearing stability

<a~>3
b/a s 1.6,
D-shaped

Active edge control

Divertor/1imiter
pumping

Particle fueling
and exhaust

N s 1022/s (gas
"(puff)
N

Current start

NB

Low-density start

Optimal geometry
Impurity and ash
control

Requirements

= 5 x 1021/s
(pellet)

Preheat assist at uhr

V £ * 25 V

Inductive with no
assist

V

> 100 V

result from the TFTR design, construction, operation, and R&D
programs. To provide a specific point of departure the ORNL TNS
design [7] was selected as the ETF Baseline Design. The evolution of machine parameters starting from that baseline is now
highlighted by the following.
Aspect ratio (A)
Minor radius, m
Major radius, m
Beta, %
Field on axis, T

4.2
1.3
5.4
6.0
5.5

Plasma current, MA
Inboard shield, m
Outboard shield, m
Neutron wall loading, MW/m 2
Burn time, s

6.1
0.8
1.2
1.5
100

The ETF physics assumptions and requirements represent an
integration of the present physics knowledge with judgment and
provide the necessary guidance to the design development and
trade studies (see TABLE I ) .
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3. ETF CONFIGURATION
The structural and maintenance design of the ETF is driven
by the following major considerations: (1) maintenance
philosophy; (2) impurity control technique; (3) vacuum topology;
(4) number and size of toroidal field (TF) coils; (5) poloidal
field (PF) system; (6) segmentation of first wall, blanket, and
shield; (7) first-wall design and protection; and (8) neutral
beam requirements.
The maintenance approach has been established from the
outset so that the design configuration will effectively
respond to maintenance needs. The prime objective is to achieve
the maximum capability for contact maintenance. This largely
dictates the shielding requirements and is exemplified by the
1.2-m shield thickness on the outboard side, which will permit
contact maintenance 12 h after shutdown in a 2-mrem/h environment. Three activation zones have been defined, and various
degrees of remote operations are required. An identification
of all significant assembly/disassembly activities has been
tabularized in time-line form for design trades. A series of
large-scale mock-ups will be used to demonstrate the special
procedures required, as was done for TFTR.
Two separate tokamak configurations are being developed
because of the impact of the divertor options. The impurity
control and ash removal requirements and solution approaches
need further analysis and experimentation before a definite
design selection can be made. Thus, one design development
focuses on poloidal divertor options while the other focuses on
bundle divertor approaches. Nondivertor possibilities are also
being considered although with some less emphasis because the
configuration impact of this choice would be less. The differences in the two impurity control and ash removal approaches
are not limited to the physical differences between the divertor
configurations but include such design drivers as different
neutral beam injection angles (present designs have +16° for
the poloidal divertor option and +35° for the bundle divertor
option).
The vacuum topology selected has the vacuum boundary at
the shield. Based on previous studies three options for the
location of the vacuum boundary were selected for detailed
evaluation: (1) at the TF coil boundary (as in ORMAK and FT),
(2) at the building wall (ORNL/TNS and FINTOR), and (3) at
the shield boundary (JET and TFTR). The major evaluation
factors of design feasibility, risk, program impact, operations,
safety, and environment were used in selecting the shield
boundary approach.
A design configuration with fewer large TF coils has the
advantages of increased access to the plasma chamber, improved
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R

1.3

10

12

14

NUMBER OF TF COILS

FIG.2. Reactor cost/access considerations
suggest that 10-12 TF coils may
represent an optimum.

space for component interface, increased feasibility of using
internal PF coils, and flexibility for future machine upgrades.
However, these must be traded off against the increases in cost
and magnetic field ripple. In this design study area as in
many others, the systems code developed by the ETF has been
used effectively. This computer-based systems model with 21
major subroutines has been developed to provide performance,
size, and cost comparisons and to identify sensitivities to
various design options. In FIG. 2 are shown results from the
systems code that depict how the relative tokamak system cost
varies with the number of TF coils while a constant TF ripple
of 1% at the plasma boundary is maintained by necessary changes
in coil dimensions. For TF coil numbers above twelve the
requirements for access limit further reduction in coil size.
The ETF configurations under study have 10-12 TF coils. Other
effects not depicted in FIG. 2 include the large variations in
the magnetic field environment in which the neutral beams must
operate. For example, preliminary analyses show a difference
approaching a factor of 10 between the fields the neutral beam
injector calorimeter area would see for an 8-coil design (^2 T)
and for a 12-coil design (M3.2 T ) .
The PF system design considerations have included (1) all
PF coils inside the TF coils resulting in fewer ampere-turns, a
lower B at the TF coils, a lower initial construction cost,
good plasma control potential but very difficult access and
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maintenance capability; (2) all PF coils outside the TF coils
resulting in more ampere-turns, high È p at the TF coils, high
construction cost, good access but poor plasma control capability; and (3) a hybrid system with some inside coils arranged
to permit access and maintenance and to give good plasma control
potential and with some coils outside the TF coils. The hybrid
approach offers the best compromise between physics and engineering. Much of the TFTR PF system design and electrical
equipment such as the advanced interrupter switch is suitable
for the ETF.
Another significant driver for the PF system is the
startup approach. ETF design studies have shown that a high
plasma loop voltage (^100 V) startup scenario is a very significant issue. A high plasma loop voltage necessitates a blip
coil design. A high vacuum vessel impedance permits an easier
blip coil design with its design and construction problems.
However, a low-impedance vessel allows for easier disruption
handling. The mutually exclusive advantages of these two
approaches force intensive investigation of alternate scenarios.
Recent encouraging experimental results have increased the
confidence in prior theoretical work that indicated a rf-preheat
assist would ease the loop voltage requirements. Thus,
potentially a few megawatts of rf injected for a short time
would eliminate the need for a blip coil and remove the difficult
high vacuum vessel impedance requirement. A systematic effort
to increase scientific verification of this approach would be a
valuable investment of research activity.
The torus configuration for assembly/disassembly is
greatly determined by the requirements of access, ease of
replacement, and penetrations of major systems such as neutral
beams, fuel injectors, divertors, and vacuum pumps. The ETF
segmentation approach is to minimize the number of segments and
the number of motions required to remove a segment. This leads
to having the number of segments equal the number of TF coils
and having the coils large enough to permit direct radial
translation of a segment between them. The design studies are
continuing at a detailed layout level to determine the advantages
and disadvantages of this configuration. The removal of a
segment between two coils is shown schematically in FIG. 3.
Also depicted is one concept that appears promising for removing
the whole shield, leaving a spool piece behind. This has the
advantages of reducing the disconnections that would be required
and permitting the vacuum seal to be completely accessible at
the front face. In FIG. 4 is shown another representation of
pulling out a complete segment radially. This figure shows the
poloidal divertor configuration with one separatrix and includes
a port for a neutral beam. The vacuum seal is completely
accessible to a welder/cutter on the front face. The inboard
wall is shown with armor (presently planned to be graphite
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TORUS SEGMENT EQUALS THE
NUMBER OF TF COILS

• COMPLETE REMOVABLE SHIELD

FIG. 3. Torus segmentation approaches.

WELDER/CUTTER
PARTIAL SEMIPERMANENT SHIELD

FIG.4. Torus segment removal concept with poloidal divertor.
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FIG. 5. Consideration of fatigue and erosion leads to optimization
and life.
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TABLE II. HIGHEST-PRIORITY PHYSICS AND TECHNOLOGY R&D
AREAS RELATIVE TO ETF BASELINE DESIGN

Physics

Technology

Area

Impacts on ETF

Impurity control and
ash removal

Design configuration,
ignition margin, burn
time, tritium and
particle collection
and pumping

Plasma disruption
charac t erizat ion
and control

Design and control to
limit disruption
damage to components

Heating scenarios

Ignition margin, access

Startup scenarios

Cost and
energy
vacuum
pulsed

Torus sector seals

Vacuum vessel design,
maintenance philosophy

size of pulsed
storage,
vessel design,
coil design

Neutral beam systems

Reliability/maintenance

Internal coil
construction

Reliability/maintenance

First-wall protection

First-wall life, design
impurity control

Divertor collection
of particles and
heat

Burn time, tritium
processing, helium
pumping

Insulating breaks

Vacuum vessel design
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FIG. 6. TFTR neutral beam enclosure at LBL.

blocks, possibly with a coating) backed by a shield to have a
thickness of 0.8 m as required to protect the inner legs of the
TF coils.
The first-wall (outboard and not visible in FIG. 4)
concept currently under study is a tube assembly approach
appropriately manifolded for heat removal. The first-wall life
is mainly affected by fatigue and erosion. For a target
availability of 50% and the attendant particle fluence and
energy, a tube wall thickness of about 0.30 cm (indicated by
curves in FIG. 5) would be selected. This intersection is very
much affected by the chosen availability.
4. R&D AREAS NEEDING EMPHASIS
A detailed assessment has been made of the status of the
physics, technology, and engineering issues important to the
ETF. The advancements in recent years and those expected in the
near future by programs such as TFTR will provide a significant
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base of knowledge. One such advancement can be seen in FIG. 6,
which shows the TFTR neutral beam enclosure being tested at
Lawrence Berkeley Laboratory. The areas requiring additional
attention in the future are divided into physics and technology
issues (see TABLE II). However, it is felt that with adequate
support these ETF R&D needs can be satisfied on a time scale
consistent with the ETF reference schedule for operation starting
in the early 1990's.
5.

SUMMARY

An effective ETF design team and organization have been
established with programmatic and technical guidance from the
top U.S.A./DOE and laboratory experts in tokamak research and
development. The design activities are centered around two
approaches that have significant similarities but differ mainly
in divertor-related needs. Representation from all major
laboratories and industries at the ETF Design Center ensures
good currency with late developments in experiments and theory
and the incorporation of plans and programmatic techniques
necessary for the successful conduct of a large design and
construction project. The ETF program achieves a desirable and
efficient focusing of the tokamak-related R&D that is necessary
to its success.
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DISCUSSION
B. COPPI: After the latest Varenna Conference on plasma ignition,
R. Bickerton wrote a note on INTOR stating that if it did not ignite it would be
an unmitigated disaster and that to have a high probability of igniting, it should
be of larger dimensions. This point of view, which I share with Bickerton, applies
also to ETF. Could you or anyone else comment?
P.H. RUTHERFORD: I would like to say something on this point. All four
countries participating in INTOR have carried out extensive calculations of the
requirements for achieving ignition. If we assume empirical ('Alcator') scaling,
the calculations all agree that ignition can be achieved in a pure DT plasma with
parameters a = 1.2 m and B = 5.0 T at a j3 value of about 4%. The parameters
presently chosen for ETF/INTOR represent about 60% greater confinement
capability at fixed j3. The uncertainty lies in the role of the impurities, for which
there is no experimentally verified model for generation and transport. This has
led to the insistence on an effective impurity control technique for ETF/INTOR.
However, some calculations have indicated that ignition may still be attainable
in the face of full charge-exchange sputtered impurities, if these impurities can
be retained in a cold-edge region of the plasma.
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HEAT AND PARTICLE FLOW DISTRIBUTION
AND POSSIBILITY OF HELIUM SEPARATION
IN THE DIVERTOR CHANNEL
OF A TOKAMAK REACTOR
Yu.L. IGITKHANOV, A.S. KUKUSHKIN,
V.I. PISTUNOVICH
I. V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics
Abstract
HEAT AND PARTICLE FLOW DISTRIBUTION AND POSSIBILITY OF HELIUM
SEPARATION IN THE DIVERTOR CHANNEL OF A TOKAMAK REACTOR.
The stationary plasma parameter distribution in the divertor layer of a tokamak reactor
is investigated. The distributions of plasma density, electron and ion temperatures as well as
the longitudinal and transverse heat and particle fluxes are found as functions of neutralatom re-cycling and the conditions of secondary electron emission from the collector plates.
The possibility of helium separation in the divertor channel due to the different backflow
conductivities of the channel for hydrogen and helium atoms is considered. The values of the
relative helium concentration in the divertor volume are obtained for different plasma and
channel parameters.

1.

INTRODUCTION

At present, heat and ash removal from a tokamak plasma is one of the most important
problems in thermonuclear-reactor design. Using some kind of divertor configuration seems
to be most realistic for this purpose. In this way, the problem of reducing the erosion of the
divertor plate due to high-energy particles arises. In this paper, different mechanisms of plasma
cooling in a divertor layer are treated, the plasma parameter distributions in reactor conditions
are found, and the possibility of helium separation in the reactor divertor channel is considered.
Problems associated with the calculation of divertor layer parameters and the discussion
of various plasma cooling mechanisms are presented in the first part of the paper. The second
part is devoted to the possibility of enriching a gas mixture entering the divertor volume with
helium.
2.

PLASMA PARAMETER DISTRIBUTION IN THE DIVERTOR LAYER

The energy flow at the plasma boundary of a thermonuclear reactor is estimated to be
30—50 W-cm - 2 . This energy escapes from the plasma in the form of radiation as well as
charged and neutral particles. Already one tenth of the power release mentioned in the form
of high-energy ions and neutrals at the first wall leads to significant wall sputtering and intense
wall material particle inflow into the plasma.
The creation of a magnetic divertor configuration can help in directing the bulk of the
outgoing charged particles into the divertor volume. So plasma cooling conditions in the
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divertor layer may be ensured in order to diminish the energy of the neutrals impinging on
the first wall.
Various plasma cooling mechanisms may be active in a divertor layer. We shall consider
two of them. The first mechanism is intense re-cycling in imperfect gas-pumping conditions,
which leads to an increase in the particle-to-plates flow and a decrease in the plasma edge
temperature by (1-R)"1 times, where R is the re-cycling coefficient.
Plasma cooling by the flow of cold electrons emitted from the collector plates as well
as volume gas ionization is the second mechanism. Volume ionization takes place if a nonself-sustaining discharge caused by hot plasma electrons is lit up in the divertor layer. In this
case, the electron current increases sharply (hole cathode effect) [1],
Let us consider a one-dimensional model of the divertor layer of thickness A. The
balance of the charged particles in the layer is constituted by their leakage to the divertor
plates, with some characteristic time T^ , along the magnetic field lines and their input due to
the ionization of neutrals. The neutral-atom balance consists of volume ionization and input
due to re-cycling at the divertor plates. The last process can be described as the boundary
condition:
jow=-R/(n/r||)dx

(1)

A

Here, j o w is the neutral-current density from the divertor plates; R is the re-cycling coefficient,
and X is the cross-layer co-ordinate directed from the plasma to the wall.
Therefore, the total atom 0'0) and plasma current (j) density in the layer must be determined from the flow to the divertor plates:
3
— G+Jo) =

n
(2)

and the flux from the plasma, j ^ , used as boundary condition in Eq.(2). Assuming the neutral
backflow from the layer to the main plasma and the plasma flux to the wall to be small,
we obtain from Eqs (1) and (2):
Jl

n
= / - dx
1-R
A rn

(3)

Expression (3) determines the relation between the boundary-plasma-to-layer-plasma
current, jj^, and the flow to the divertor volume with particle re-cycling. It shows that the
higher the value of re-cycling^ the greater the plasma flow. The dense cold plasma must
accumulate in the divertor volume until the pressures in the chamber and in the layer become
equal. In these conditions the increase in the collector plate area leads to an increase in recycling as the particle flow to the plates is proportional to P / V T .
The total energy flux is proportional to the area of the plates so the plasma temperature
drops with increasing area of the plates.
According to Eq.(3), the flux density of the energy carried to the separatrix can be written
as
q^(fi

+

f

e

) T ^

(4)

Here, f¡ and fe are the so-called ion and electron heat transmission rates, and T is the
mean plasma temperature in the layer.
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It follows from relation (4) that
_
QÎ
T= —
J'l

1-R
(5)
f

i

+

f

e

We see that the mean plasma temperature in the layer drops with increasing R. In the
case of a Maxwellian velocity distribution,
q e = (2T e + e^)j e -etfj e n l

q' = 2 Tjjj,

(6)

Here, j¡, j , and j e m are the ion and electron currents to the collector and the emission
current, respectively; <p is the near-wall potential that cancels the total electric current to the
plates:
J,+J.m=J.sénVTee^/Te

(7)

Introducing the secondary emission coefficient y = j e m / j ¡ , we obtain:
*nVTe

f¡ = 2,

fe = 2 ( l + 7 ) + ln

—
(1+T)J¡

(8)

It follows from relations (5) and (8) that a rise in the emission must lead to a temperature
decrease in the layer. The space charge limitation gives a maximum value of yc = 7 for a
D-T plasma and, according to relation (5), the electron emission can reduce the temperature in
the layer about 2.5 times. One can eliminate the abovementioned limitation by creating
a source of cold electrons and ions in the layer volume. A nón-self-sustaining discharge
maintained by the main plasm electrons in the layer can form such a source. Now,
7 m i x — (mj/nig) 1 ' 2 , and the plasma temperature can be lowered by about an order of magnitude
with respect to the case of no emission. The cooling effect is mainly connected with the
replacement of hot plasma electrons by cold emission electrons.
The qualitative estimates of possible plasma cooling mechanisms as presented above are
well enough confirmed by numerical calculations. In the calculations, we use the onedimensional model, assuming the characteristic times of heat and particle transport along the
magnetic field lines to the plate to be much shorter than the transverse diffusion times. The
heat and particle flow to the divertor plates was taken into account as the sink terms in the
transverse-transport equations:
3 /
9n \
n
n
A " •) = — + 3x V 3x
T«
T,
5

3n\

(9)

9 /

3Tj

nT¡

D

3 /

3T e

5

an\

nT e

D ± 3n 3 n T

9x \

dx

2

ox/

Tu

n ox

9n

anT¡

ox
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The terms describing convective heat transport and the work of the pressure forces,
f* = 5/2 + f., are included in Eqs (9—11). The transverse-transport coefficients are chosen
to conform with the Bohm diffusion:
cT
16eB

Xel = XiL = n D i

(12)

The velocity of longitudinal ion escape was taken to be equal to the ion thermal velocity,
when Tj > T e , or to the sound velocity in the reverse case. Q e i is the rate of energy exchange
due to Coulomb collisions, Q i 0 is the rate of energy exchange between ions and gas atoms, and
Q e 0 is the rate of energy loss from the electron component during neutral-gas ionization. To
determine the neutral-gas density N 0 and the temperature T 0 , we solve the kinetic equation
in integral form. The mirror and diffuse reflections from the wall were given as boundary
conditions. The possibility of neutral backflow to the divertor layer at the separatrix is taken
into account by introducing the plasma albedo A. The flux from the wall

Jo=K¡(jiw+

/

— dxj

(13)

was given as the neutral source. Here, j 0 is the neutral flow from the layer to the main plasma,
Kj the ion neutralization coefficient, and j i w the ion flow to the wall.
This boundary condition corresponds to neutrals fed back into the working chamber
after exhaust from the divertor volume.
The boundary conditions for Eqs (9—11) were determined by setting close to zero the
temperature and density values at the wall (x = A) and the heat (q s , q?) and particle
(j s = j s + ( i _ A ) J Q ) fluxes at the separatrix. The second term in the expression for the
particle flux describes the recycling to the main plasma.
Equations ( 9 - 1 1 ) , with the assumptions v-x = R/Ty, V ~ N / T ^ , Q e i = Q i 0 = Q e = 0,
permit the analytic solution:
Te = T j ( l - x / A ) 4 , T i = T|(l-x/A),ni,

n = ns(l-x/A)8

(14)

where T* T?, and n s are determined by the boundary conditions at the separatrix whereas
mi and 9. are found from Eqs (9—11).
Figure 1 shows the results of Eqs (9—11), solved numerically for various secondary
emission coefficients y when there is no neutral gas (K ¡ = 0, unloading the divertor). The
reactor parameters are q* = 2q? = 20 W-cm - 2 , j s = 10 16 c m " 2 ' s _1 . It is obvious that the
results of the calculation agree rather well with the analytic solution (16). At the same time,
however, the estimate (5) appears to be true for T e only, T¡ weakly depending on 7 .
The distribution of plasma parameters and energy flows to the divertor plates in perfectgas exhaust conditions are pictured in Figs 2 (7 = 0) and 3 (7 = 5.67). The rise in emission
makes the layer narrower and leads to a considerable decrease in the electron temperature, an
increase in density, and a diminution of the near-wall potential. The last fact re-distributes
the energy flowing to the divertor plates via ions and electrons (Fig.4; the potential slows down
the electrons and accelerates the ions).
We see that the rise in emission diminishes the energy received by the ions in the nearwall layer, but the ion temperature at the separatrix changes weakly.
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FIG. 1. Plasma density ns and temperature 7* at the separatrix versus secondary emission
coefficient. Dashed lines are results of analytic solutions.

FIG.2. Profiles of plasma density, electron and ion temperatures, potential and heat fluxes to
the diver tor plate in the 'unload-divertor' case for y = 0.
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FIG.3. Same as Fig.2, except for y = 5.67.

FIG.4. The ratiofq^qj, versus y; q. designate the ion and electron heat fluxes to the
divertor plate averaged over the scrape-off layer
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Figure 5 shows the dependence of the calculated plasma temperature and density on the
re-cycling coefficient R. The discrepancy between the calculated results and solution (14) can
be explained by a plasma profile distortion due to the neutrals (Figs 6 and 7). We see that
the ion temperature in the layer can be lowered to a value of the order of hundred electronvolts.
Hence, our calculations show that re-cycling drastically changes the plasma parameter
distribution in the divertor layer by lowering the temperature and increasing the plasma density
at the separatrix. A decrease in the ion temperature at the separatrix below 200 eV is possible
for a large enough re-cycling coefficient corresponding to a plasma density of about 1014 cm -3 .
The increase in electron emission from the divertor plates leads to a re-distribution of the
heat flows of ions and electrons to the plates, which is important from the point of view of
divertor plate sputtering.

3.

HELIUM SEPARATION IN A DIVERTOR CHANNEL

The helium exhaust from the plasma volume is an indispensable condition of longduration tokamak reactor operation. The necessity for helium separation in a divertor
channel appears when a poloidal divertor is considered as a means of ash removal and plasma
protection from impurities. The important point is that the amount of helium entering the
working chamber must be limited with a relatively small channel length. It is imporant for
the reduction of the tritium inventory to determine the conditions minimizing the helium
backflow with a sufficiently large D-T flow. The effect of separation is due to the fact that
neutral hydrogen receives energy of the order of the ion energy, because of charge exchange;
it can get back into the main plasma through the channel. The neutral helium is concentrated
near the collector plate at a distance of the order of the ionization length. (The helium
charge exchange is relatively weak if the a-particle concentration in plasma does not exceed
~5%). Ions originating from hydrogen and helium ionization in the channel are carried away
by the plasma flow and the ambipolary electric field to the collector plate, where they are
neutralized. The first record of these reactor operating conditions is presented in Ref.[2],
for an INTOR reactor.
The self-consistent plasma and neutral-gas channel dynamics problem was considered in
the hydrodynamic limit. The electric field value is determined from ambipolarity condition
of the flows.
We choose the following model. The cylindrical divertor channel is placed between the
main plasma and the collector plate. The latter is separated from the channel walls through
a circular gap through which the neutral gas is evacuated (Fig.8). The channel plasma is
assumed to be dense and is described, together with the electric field, by means of the hydrodynamic equations for longitudinal flows of hydrogen and helium ions, on the assumption of
quasi-neutrality. Since the longitudinal characteristic times are much smaller than the transverse
ones, the plasma distribution across the channel is supposed to be given. Averaging over the
transverse co-ordinate we can reduce the hydrodynamic equations to a couple of continuity
equations for the hydrogen (n¡) and helium (n a ) ion densities:
a

V

at

_3_

+ i
n
dz i>«- *h«

(15)
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FIG.5. Plasma density n$ and temperature T at the separatrix versus re-cycling coefficient R.
The results of the analytic solutions (14) are dashed.

FIG.6. Profiles of plasma density, electron and ion temperatures, potential and heat fluxes to
the divertor plate. The calculation refers to the case x{= 0.6 (R = 28%), y—0.
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FIG. 7. The same as Fig.6, for the case x-x = 0.8 (R = 52%).
DivekTOR PLATE

FIG. 8 a) Model of a divertor
b) a typical distribution
the channel. The parameters
a = 20 cm, js= 1.6 A- cm'2,
plasma is negligible.

channel;
of the potential, and helium (nHJ and DT (nH) gas densities along
are T ~ 50 eV (1) and T=200eV
(2), I = 50 cm, b = 10 cm,
/* = 0.025 /?. In case (1), the neutral-gas b'ackflow into the main
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FIG. 9. Enrichment coefficient r¡ versus thickness of annular gap Ô for different values of
incoming flow.
Here, S i a are the hydrogen and helium ion sources. The fluxes j , a and the electric field
are determined by the equations of motion and the condition of flux ambipolarity. The
helium and hydrogen ion fluxes at the entrance of the channel and the neutralization conditions
at the plate are chosen as the boundary conditions for Eq.(15). The neutral helium flow and
the density distribution at each point of the channel is obtained as a result of a direct integration
of the distribution function and the flow of particles coming from the divertor plate.
The hydrogen-atom distribution is obtained from a solution of the two-dimensional
diffusion equation in cylindrical geometry:
9"o 1 3
3
— - + - — (rj0) + — j z 0 = -n0ne<av>,;
3t
r 3r
3z
Here, j r 0 = ~D 0 3n/3r, j z 0 = + nV-D 0 3n 0 /3z, and D0 = v* (n¡<ov>0x) is the coefficient
of diffusion due to charge exchange [3]. The mirror reflection condition for neutrals at the
channel walls and the condition for atom escape into the gapj 0 r = f(l/4) nvT at r = a, z < S is
chosen as the boundary condition for neutrals. Here, f is a parameter characterizing the
pumping efficiency. The neutral flow j z 0 = - a j ^ , where a is the neutralization coefficient, is
set at the divertor plate.
The results of calculations for two typical cases — presence and absence of the separation
effect - are presented in Fig.8. The separation effect can be described quantitatively by the
coefficient of enrichment, TJ = 0^/]'^)/G'*/J¡) > 1, where j * and j ^ e are the neutral flows into
the gap, and j * and j ^ are the incoming ion fluxes. The separation effect (T? > 1) is caused by
the presence of a neutral-hydrogen backflow into the main plasma and by the virtually
complete absence of an analogous helium flux. When the temperature increases, the neutralhydrogen density profile flattens owing to the growth of the diffusion coefficient, and the
hydrogen backflow rises. The distribution of neutral helium at the chosen parameter values
does not influence the separation effect since the helium backflow is negligible.
Figures 9 to 11 shows the dependence of the enrichment coefficient on the plasma
temperature, on the incoming fluxes in the channel, and on the gap with 5. The increase in
incoming flux leads to a growth of the channel plasma density and, consequently, to a
decrease in neutral-hydrogen backflow.
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FIG.10. Same as Fig.9, for different values of temperature.
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FIG. 11. Same as Fig. 9, for differen t values of channel length.
The numerical results allow us to draw the following preliminary conclusions on the
possibility of helium removal from a reactor plasma. It is, in principle, possible to evacuate
a substantial part of the helium entering the divertor volume from the main plasma through
the relatively short (L < 50 cm) divertor channel, which is typical for a poloidal divertor.
This statement is based on the neutral-helium concentration obtained near the divertor plate
in the presence of a gap through which the pumping is carried out.
The neutral-hydrogen distribution along the divertor channel indicates the existence of
operating conditions in which an appreciable portion of the neutral hydrogen can return into
the main tokamak plasma and the tritium inventory of the reactor decreases.
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Abstract
BUNDLE DIVERTOR CONSIDERATIONS FOR REACTOR-LIKE TOKAMAKS.
The paper discusses a long-burn tokamak reactor fuelled by pellets and exhausted by a
bundle divertor, particle and energy transport being assessed by a combination of 0-D and 1-D
models. The results (evaluated for an INTOR-like device) indicate that the divertor is likely
to provide an adequate rate of exhaust for both helium and unburnt D-T fuel and, in
combination with pellet fuelling, it can also provide a mechanism for controlling density and
hence burn conditions within the confined plasma. The exhaust plasma in the scrape-off
region is estimated to be sufficiently dense and thick to ensure ionization of impurities
released at the torus wall so that the divertor acts as an efficient shield for the confined plasma.
Energy flow into the divertor is mainly by electron thermal conduction parallel to the diverted
bundle of magnetic flux and the non-radiated component of a-particle heating power
(i.e. P a — P(bremsstrahiung) f° r a P u r e D-T plasma) can be exhausted into the divertor chamber
and there dissipated within a gas target formed by neutralization of the exhaust plasma. The
density of cold gas within the divertor chamber is compatible with the needs for efficient
vacuum pumping of both helium and unburnt fuel.
1.

INTRODUCTION

Fuelling of deuterium and tritium and exhaust of helium ash
are necessary whenever the burn time of a reactor is appreciably
greater than its particle containment time (eg tg ^ 100 s) . The
long-burn system considered here comprises an ignited tokamak
fuelled by pellets and exhausted by a bundle divertor of the
type used on DITE [1]. Thus the particular magnetic topography
is similar to that proposed for CCTR Mkll by Sanderson and
Stott [2] but the analysis is general and can be extended to
other types of divertor. This paper presents an abstraction of
results taken from several transport models, both numerical and
analytical (one such having been previously reported [3]). In
addition, particular emphasis is placed upon pellet fuelling and
burn control as well as the conditions within the divertor
chamber. The performance of the divertor and fuelling system is
predicted for the torus parameters and burn characteristics of
INTOR.
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CHARACTERISTICS OF THE SCRAPE-OFF PLASMA

The simple concept of a fuelling and divertor system is
shown schematically in Figure 1. The confined plasma is bounded
by a separatrix which is assumed to lie at a distance Xf«0.1 r w
inboard of the torus wall, and the characteristic scale-length,
A, of the radial gradient of density in the scrape-off plasma
outboard of the separatrix is taken to be
A = [DjTn ]*

(1)

where Dj_ is the radial diffusion coefficient. Tn is the average
transit time for particles that cross the separatrix, travel
parallel to the magnetic field and then enter the divertor
throat. There is relatively little movement of the plasma in
the poloidal direction during this short transit time
(i,e, Tu ^ 10
s) so it is assumed that the divertor is fed only
by plasma that flows along an exhaust channel whose topography
is determined by the bundle of diverted magnetic flux. This
channel is wound toroidally around the confined plasma and, as
indicated in Figure 1, both particles and energy are assumed to
flow into the channel across the face adjacent to the separatrix. The total length of the channel that links the two
throats of the divertor is 2-irRq^ (where q¿ = 2TTY
and y is the
poloidal angle subtended by the bundle of diverted flux shown in
Figure 1) and the input fluxes of both particles and energy are

FIG.l. Schematic representations of the exhaust channel for a pellet-fuelled tokamak with a
bundle divertor and divertor gas target. Symbols are explained in the text.
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assumed to be uniformly distributed along this length. It is
further assumed that there is equal flow of exhaust plasma to
each divertor. Thus the exhaust is considered to flow in parallel along two channels; it starts from rest at the line of
symmetry (z = 0 and v¿ = 0, indicated schematically in Fig.l)
and then flows along the z axis into each divertor throat located at z = Lj. The effective channel length is, therefore,
L d = 7rRqd

(2)

To maintain overall charge neutrality there must be equal
exhaust rates of electrons and ions and so the drift velocity at
each entrance to the divertor can be expressed by
vd = Mcs
where

(3)

i

c

= [(kT

s

_

i

+ kT.)/m.]2 « [2kT/m.]2

e

i

i

i

is the ion acoustic speed (for Z = 1 ions) and M is the Mach
number of the exhaust flow. The magnitude of M is uncertain;
for example, it is sensitive to flow impedance caused by reflection of particles in the magnetic mirrors at each throat of the
bundle divertor. For INTOR the mirror ratio M « 2 and for this
condition a Mach number M ^ 0.2 is a reasonable assumption which
is compatible with both analytical models for 1-D flow in the
z direction [eg Refs3,4]and with the sparse amount of
experimental data [eg Ref.53.
Particle residence time is thus expressed as

but there are uncertainties in the value of Dj_ needed to
evaluate A from equation (1). Recent experimental evidence [6]
indicates that, in DITE^D^ ^ 0.5 D B where D B = T/16B [nTs-1] is
the Bohm diffusion coefficient. However, such data are not
definitive and so in this assessment Dj_ is allowed to range from
0.1 to 0.5 Dg to give an indication of the present range of
uncertainty.
The area of the exhaust flow channel (normal to the field
lines) is given by
A

d " 2"s

d q

d_1

<5>

where d = A when A << X or d = X when A ^ X. If the total
exhaust rate of particles is T¿ then the flow into each divertor
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TABLE I. EXHAUST PARAMETERS PERTINENT TO INTOR
Major r a d i u s , R (m)
Chamber r a d i u s , r w (m)
S e p a r a t r i x r a d i u s , r s (m)'''
S e p a r a t r i x s p a c i n g , X (m)
V = 27T2Rrs2 (m 3 )
B(axis) (T)
F
Diversion frequency, q.
Magnetic m i r r o r r a t i o , M
L d = irRqd
(m)
DT thermal power (MW)
Exhaust power, Q e (MW)
Exhaust f l u x f o r p e l l e t
fuelling, r s (s-*)
Burn-up f r a c t i o n , fg (%)_
Scrape-off t e m p e r a t u r e , T
(eV)
v d = Mcs (rns - 1 )
Diffusion c o e f f i c i e n t
D± (m2 s 1 )
à
(m)
P a r t i c l e unload e f f i c i e n c y , e
Wall f l u x , T s ( s - 1 )
Ad = 2Trrs d / q d (m z )
n~++= TgiZAjiVd)"1 (m~3)
v 0 (assuming 10 eV due to edge
cooling)"
(ms L )
<DT> s c r e e n i n g , e s
Impurity s c r e e n i n g , * * e s ¿
Exhaust e f f i c i e n c y ,
E
&zTAee

5.2
1.4
1.68
0.12
257
5.5
0.05
20
2
3.27 x 10 2
« 620
« 100
»3xl022
w 1.5
« 350
3.3 x 1 0 4
o . l Bohm
0 . 5 Bohm
0.40
2.0
0.063
0.141
0.85
0 57
4 . 5 x l O 2 1 1.3* x l O 2 1
3.12 x l O - 2 5.96 x l O " 2
1.46 x l O 1 9 7.62 x l O 1 8
4
for <DT>
2 . 8 4 x i o
0.63
1 - exp( - 16)
0.94
0.84
6.6
3.3

•^Equivalent c i r c u l a r r a d i u s for e l o n g a t i o n k = 1.6.
++Assumes t h a t D-T p a r t i c l e s t h a t s t r i k e the t o r u s wall return
t o s c r a p e - o f f plasma where they become i o n i z e d and then
e n t r a i n e d w i t h i n exhaust stream a t v e l o c i t y v ¿ .
*Assumes t h a t e l e c t r o n conduction t o d i v e r t o r c o o l s t h e edge
of the s c r a p e - o f f plasma.
**Calculated for C atoms r e l e a s e d a t v

= 1 eV.
o

t h r o a t i s g i v e n by
2irr
_r, =
* d

An
q,

Me
s

e
s

(6)
u

where r and n are respectively the radius and density of
plasma at the separatrix and e u is the particle unload efficiency predicted to be

-2_
e u = 1 - exp

A

(7)
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In principle, such a model is zero dimensional insofar as
it neglects variation of plasma parameters in both the radial
and z directions. However, a 1-D numerical model of
flow (in the z direction along the scrape-off plasma) has been
developed [73 in which simultaneous solutions have been found
for the transport of mass, momentum and energy. In this model
it is assumed that the scrape-off plasma is collisional, ie
that X e e and Xe¿ are both appreciably smaller than A 2 , the
characteristic length for variation of parameters along the
scrape-off plasma (Azn = ^(dn/dz)"1] ; A zT = |T(dT/dz)~ï| ) . In
addition it is assumed that the sources of both particles and
energy are distributed uniformly throughout the volume AJL^.

FIG. 2. Spatial dependence of plasma
parameters along the exhaust channel
(fromRef.[6\).

Collisionality is a reasonable assumption for the bundle divertor system considered for INTOR (see Table I). Typical results
from the model are presented in Figure 2 and show that electron
temperature T e and plasma density ñ" (averaged over the radial
direction) are essentially uniform along the exhaust channel in
the scrape-off plasma and that significant variations occur only
within the divertor chamber where the plasma is cooled. The
model does not yet take account of the presence of gas and cold
plasma within the divertor chamber but the topography of the
bundle system is favourable for the retention of cold plasma and
gas (see Section 4) so the parameters of the scrape-off plasma
are likely to be insensitive to the chamber condition. Thus 1-D
modelling indicates that there are likely to be only small variations in ñ and T e along the length of the scrape-off layer and
that computations based upon 0-D conditions at the ends of the
exhaust channel have reasonable validity.
Energy is fed radially across the separatrix and into the
exhaust channel predominantly by electron thermal conduction,and
when X e e £ Lzj it is reasonable to assume that electron conduction parallel to the diverted magnetic flux bundle is the principal mechanism for energy transport into the divertor chamber.
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The energy conducted down the two exhaust channels can thus be
expressed in a simplified form by

Qe = 2

K A,(T - T.)
e d o
d
J

eff

where T 0 and T^ are respectively the electron temperature at
z = 0 and 22 = L^,and K is the coefficient for electron conductivity, ie
K

e

= 3.15 x 10

T 5 /2
e
.
r, n
Z In A

[WeV'V* 1 ]

L ££ is related to L^ by the distribution of energy along the
channel length L¿ and from [3] there is evidence that
L e ££ « 0.5 L¿ is a reasonable approximation. From Figure 2 it
can be seen that_T e varies by about 20% in the scrape-off region,
(TQ - T J ) » 0.2 T e , so that an adequately accurate value of T e
is given by

7/-

Q

rT
0.2T

Z In A Rq

(8)
4 r d(3.15 x 10 H )
s

Equation (8) yields, for the INTOR parameters^ a _typical value
for the temperature of the scrape-off plasma T
T e « 350 eV
when 100 MW are exhausted by electron conduction.
Plasma density within the scrape-off layer is sensitive to
the fluxes of both charged and neutral particles. The present
paper considers only fuelling by pellets which suffer negligible
ablation whilst traversing the scrape-off plasma. Further, it is
assumed that there is negligible backflow of either gas or plasma
from the bundle divertor so that the predominant source of particles to the scrape-off plasma is the outward radial flow r s
across the separatrix. This can be expressed as
f.
<n>V

r =

,(• - ?) •

(9)

s
where r f is the input flux of fuel (50% D + 50% T) and f B is the
burn-up fraction; <n>, V and T p are respectively the average
density, volume and the particle containment time inboard of the
separatrix. For pellet refuelling,rs consists predominantly of
charged particles so that

r, « r e
d
su

where the prediction that r s « 3 x 10
Section 3.

(10)
22

-1
s
is presented in
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The flux of particles that impact upon the torus wall is
given by
r = (i - e )r
(ii)
w
u s
but particles that are returned from the wall (ie both D-T and
impurities) are shielded from entering the confined plasma by
ionization and subsequent entrainment in the exhaust stream.
The screening efficiency, e g , can be expressed as
/ _ <a.v >\
eg » 1 - expi- nd
1e J
(12)
o
where <Ojye> is the rate coefficient for ionization by electrons
at temperature T,andv is the effective velocity of the returning
neutral particles. £s"*"l for most impurity species but it is
smaller for D-T whose effective exhaust efficiency is given
approximately by
e«£
u

+ e (1 - e )
s
u

(13)

These scrape-off plasma parameters determined for the INTOR
tokamak are listed in Table I.
3.

PELLET FUELLING AND BURN CONTROL

Pellet fuelling is assessed by use of the 1-D radial transport code HERMES1 suitably modified to allow for pellet ablation
according to the models developed by Parks and Turnbull [8] and
Politzer and Thomas [9]. In order to comply with a realistic
extrapolation of present-day technology [eg, 10] the pellets are
assumed to have a radius of 1.5 mm (ie, « 5% of the particle inventory) and an injection velocity of 1000 m-s~ . Ablation in the
scrape-off plasma is less than 2% of the peJLlet volume. The HERMES
code is run for an ignited D-T plasma with 3 of about 5% and
P a « 100 MW. At each time step "¡3 and dlT/dt are determined and used
to adjust_the injection rate over the next time step in order to
maintain 3 approximately constant. Thus the fuelling concept also
provides a method of burn control. Some results for "$" and P a are
shown in Figure 3 and, whilst these are not optimised, it is evident that "6" is controlled to within about ± 5% and P a within about
± 10%. The time constant for control is about 5 s and the average
rate of fuel injection about 10 pellets-s--*-. These results may be
compared to those of Ashby and Hughes [11] who investigated the
influence of varying the recycling coefficient at the walls.
1

Details of the HERMES code may be obtained from Dr. M.H. Hughes, Culham
Laboratory, Abingdon, Oxon., OX 14 3DB, United Kingdom.
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FIG. 3. Burn control by pellet injection
(determined using HERMES code
modified for pellet ablation).

The code predicts a pellet penetration depth of about 0.3 m
and an outward particle flow Ts f« 3 x 10 2 2 s"1, predominantly
consisting of charged particles. The particle containment time
is about 1 s and the burn-up fraction fD « 1.5%.
4.

VACUUM PUMPING AND DISSIPATION OF EXHAUST POWER

Exhaust plasma flowing into the divertor chamber must be
neutralised and pumped away as gas,and also the energy carried by
the plasma must be distributed over an area of wall (or target) that
is sufficient to avoid excessive power loading. The pumped flow
for a pellet-fuelled tokamak should be rp *« rs but the volumetric
throughput of the pump, S Q , is dependent upon the gas density n Q
at the pumping ports, ie S Q = rp/n0 [m3s~-L]. Turbomolecular
pumps (suitably backed by Roots pumps) offer an attractive method
for evacuating both helium and D-T gas, and reasonable extrapolation of present technology indicates that a system with
S Qft*10 m s
could be readily appended to the divertor chamber.
This implies that n Q » 3 x 10 2 0 m~3 for rg » 3 x 10 2 2 s _ 1 but the
bundle divertor should be able to retain this high density
because of the topography of the throat region and the relatively
high ionizing efficiency of the dense incoming exhaust plasma.
It is estimated that the density of gas backstreaming to the
torus is likely to be attenuated by a factor ^ exp(- 10) for the
topography pertinent to INT0R.
If the density of neutralised plasma in the chamber is high
then atomic collisions between the incoming exhaust and the
neutral gas provide a convenient method of dissipating both
energy (carried predominantly by the electrons) and momentum
(dissipated by charge exchange of the incoming ions).
The situation has been considered in the manner shown
schematically in Fig. 1 [13]. The exhaust stream within the chamber
is assumed to be surrounded by neutral gas which invades the
plasma. Each invading atom may cause a loss of energy (and
momentum) by charge exchange; alternatively, it may become
ionized and entrained within the exhaust stream where the secondary ion pairs can be heated by collisions with the hot exhaust
plasma. In addition, invading gas atoms may radiate without
being ionized. As a consequence it is likely that a dense and
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cool (ie ^ 30 eV) secondary plasma will be established and
that this will dominate the dissipation of energy by atomic processes. Such power losses are balanced by electron conduction
from the hot exhaust plasma. In principle, if an adequate
gradient in plasma pressure is maintained in the z direction
then the exhaust flow parallel to the magnetic field will be
maintained but the plasma will be progressively cooled until
volume recombination takes place (or until the cold plasma
impacts upon a target). The analysis takes account of the surface area, A , of the exhaust stream that is exposed to gas and
also the balance of momentum between charge exchange atoms and
the chamber walls or gas target.
A simple expression for the conditions pertinent to the
dissipation of exhaust power flowing through each throat is
given by
<
— T
'v C(A. n -¿r
t T 2
r

(14)

where C is a constant, € is a coefficient for energy loss by
atomic processes in the secondary plasma, T is the recombination temperature and P^ is the probability that a gas atom is
ionized and entrained in the exhaust stream. For the dense
plasma near to the divertor throat P^ « 0.75 and the area is
A t = A.d/M. For the INTOR conditions listed in Table I, ie
û « 10 1 9 m"3 and T « 350 eV, equation (14) yields
-^ Z 2 x 103
[MW m 2 ]
A
t
Thus the dissipation of 100 MW requires a scrape-off channel
area A¿ « 0.1 m¿ which lies within the uncertainties of the
values listed in Table I.
The exposed surface area of each exhaust stream is given
by
(1 " P£)
A

n $ C At n T
g o

T.

(15)
rn

2 m

1

where T s and T are respectively the average temperatures of the
secondary plasma and of the gas feed to the pumps. Using A t
from equation (14) leads to
< / -i«21 , —1,
n ^ 4 x 10
lm J
g ' o

A

A
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Thus for n Q ^ 3 x 10 , the exposed area of each stream of plasma
should be about 13 m . The power loading of the plasma surface
is then about 3.8 MW m - ^.
It is thus reasonable to assume that the exhaust stream can
be accommodated within the bundle divertor chamber and that the
power loading at the wall is unlikely to be excessive. Moreover, the target gas density is compatible with realistic pumping requirements.
5.

CONCLUSION

The present analysis indicates that pellet fuelling and
exhaust by a bundle divertor could provide a self-consistent
concept that is compatible with requirements for a long-burn
tokamak of the INTOR type. The burn-up fraction is rather low
(ie «1.5%) and so gas handling and tritium inventory problems
could become serious for a full power reactor. In such cases a
solution could be sought by recirculating exhaust gas from the
divertor chamber back to the torus [14]: and the bundle divertor
could provide a means of controlling such recirculation. This
is in contrast to a poloidal divertor where oackstreaming down
the divertor throat is probably not controllable. Nevertheless,
the feasibility of a bundle concept is dependent upon the
unresolved problem of degradation of confinement introduced by
magnetic field ripple.
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DISCUSSION
S. MERCURIO: Could you say wnether in your scrape-off layer you
included the effect of induced electric fields in addition to the static fields?
The use of Bohm diffusion in such a layer is indicated by the experiments,
but do you not agree that if you have omitted varying fields the model becomes
inconsistent because Bohm diffusion is closely connected with strong fluctuations?
M.F.A. HARRISON: The aim of these models is to predict gross plasma
behaviour in the scrape-off layers of INTOR-like devices. On present evidence,
Bchm diffusion appears to provide the most realistic description, but it is accepted
that scaling to reactor parameters is uncertain in the case of the diffusion
coefficients.
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N.V. CHUDIN, V.A. CHUYANOV, Yu.V. GRIBOV,
V.A. DEMICHEV, B.B. KADOMTSEV, V.D. PIS'MENNYJ,
O.P. POGUTSE, S.V. PUTVINSKIJ, E.P. VELIKHOV
I. V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics
Abstract
ADIABATIC COMPRESSION IN TOKAMAKS AS A METHOD OF GENERATING PLASMAS
WITH THERMONUCLEAR PARAMETERS.
The paper deals with the generation of deuterium-tritium plasmas with thermonuclear
energy release exceeding the energy losses from the plasma (Q > 1) in a relatively small-scale
experiment, based on a combined plasma compression of both major and minor tokamak
radii. The general demands to be made on a device with positive energy balance are discussed.

INTRODUCTION
The successful development of tokamaks in the past few years has led the
way to a new phase in the thermonuclear programme, i.e. operation in conditions
of ignition or, at least, close to them.
This paper is based on the approach of generating a plasma of moderate
density at relatively low magnetic fields, moderate pre-heating and subsequent
fast adiabatic compression up to densities and temperatures ensuring positive
energy release and proximity to ignition conditions. In doing so, it is possible
to use already existing technical equipment while the extrapolation of available
experimental data remains minimal. The initial state of the plasma has already
been studied in the present devices. A sufficiently fast compression leads to
the required densities and temperatures. In the USSR, successful experience in
the use of adiabatic compression in tokamaks has been gained on the Turnan
devices [1 ], the present paper representing a logical continuation of this research
into the thermonuclear regime.
INITIAL ASSUMPTIONS
Plasma energy balance considerations lead to a choice of parameters for a
feasible experiment.
Experiments with auxiliary heating at PLT [2] and other devices have
demonstrated that the ion thermal conductivity remains close to neoclassical.
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The electron thermal conductivity is anomalously high, and its coefficient
decreases with density (xe ~ 1 /n) • At high densities, the ion and electron
loss channels are comparable in the present experiments. At high ion temperatures
and moderate densities, however, the electron loss channel dominates up to
fields of the order of 16— 18 T.
So far, experiments do not give any reliable information on the temperature
dependence of the anomalous electron thermal conductivity. Therefore, for
further calculations, let us adopt a somewhat pessimistic estimate of the electron
energy losses, i.e. the Alcator scaling [3]:
r E e s 4 X10" 15 ñ a 2

(1)

Here, n is the mean electron density (in cm - 3 ), and a is the minor plasma radius
(in metres).
Let us introduce the quantity
Pth
Q=-^-

(2)

"loss

where Pth is the power of the thermonuclear reactions in the plasma, and Pioss
is the total power of all energy losses from the plasma. If the entire a-particle
energy is retained in the plasma, the ignition criterion is Q > 5. The quantity Q
is temperature-dependent. The optimum temperature at which Q is maximum
is determined by the temperature dependence of the energy confinement time;
for Alcator scaling — if bremsstrahlung is allowed for — we have T = 7 keV [4]
(T is the mean temperature). The maximum Q-value (if it is in the range of
Q ~ 1) attained at a temperature of 7 keV is determined by the relation:

Q-2.7W

( 1 + 0 0 4 ; 2 q , A3I2)

o)

where B is the toroidal magnetic field on the column axis (in tesla), A = R/a
the aspect ratio of the plasma column, R the major torus radius (in meters),
and q the safety factor. The second term in the denominator represents the ion
thermal-conductivity losses on the assumption that these losses are close to
neoclassical. Evidently, Q is a very steep function of B.

PLASMA HEATING AND ADIABATIC COMPRESSION
For Alcator scaling, the power needed to heat a plasma up to a temperature
T is equal to
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P^1.2RT(MW)

(4)

For the parameter region of interest (T « 7 keV, R « 0 . 5 r a ) the auxiliary-heating
power should exceed 4 MW. Adiabatic compression can reduce the auxiliaryheating power substantially; it will be possible to use this method under much
more favourable conditions.
THERMAL AND MECHANICAL LIMITATIONS ON DEVICE PARAMETERS
With increasing toroidal field, the inductor becomes the most heavily stressed
element of the device and determines the minimum aspect ratio of the plasma
column. If major-radius compression is applied, the largest portion of the magnetic
flux required can be created by the compression field. Moreover, if after
compression no ignition takes place, the plasma cooling time is much shorter
than the decay time of the current in the inductor so that after compression
there is virtually no longer any need for an external inductor. Therefore, the
inductor winding can be placed above and under the toroidal field coil as is
shown in Fig. 1. In this case, the inductor field can be used for compression.
The minimum sizes and the maximum magnetic field are determined by the
thermal and mechanical properties of the central part of the toroidal coil. For
the purpose of rough estimates it can be considered as a cylinder which consists
of a conductor and the structural material (steel).
The solution to the problem of current diffusion in the central part of the
toroidal coil shows that there exists an optimum compression ratio at which
conductor overheating will be minimum: for smaller Ca (ratio of initial to
final values of a), the conductor is heated because of the larger mean current,
at higher C a , the overheating of the conductor surface is due to the high
skin current.

R(cm)

FIG.l. One variant of tokamak magnetic system with high field and adiabatic compression.
1,2,3 - elements of inductor winding; 4 - compression winding; 5,6,7 - equilibrium control
coils at initial stage; 9, 10,11,12 - correction coils for vertical and horizontal field components.
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FIG. 2. Dependence of toroidal-field energy
in an experiment with Q = 1 at T= 7 keVon
magnetic field at the compressed-state axis.
Solid lines are obtained on the assumption
that (3 = const = 3%; dotted lines on the
assumption that |3 = 0.5/q2 Af. In the calculations, it was assumed that q1 = 5; stresses
in the conductor are o = 25 kg- mm~2,
K = Ar/Rcm, i.e. the ratio between conductor
and structure material in the central coil rod;
Ar is the conductor layer thickness.

At optimum compression ratio, the heating of the central coil part is
determined by the magnitude of the magnetic field, the pulse duration, and
the conductor cross-section. Prescribing the permissible coil overheating AT,
we can determine how the central rod radius R cm is related to the magnetic
field on its surface. Evidently, the permissible AT should be chosen with
allowance for thermo-mechanical stresses and the resources of the coil.
Assuming the permissible overheating to be AT = 200°C and using relation (3)
between the dimensions of the device with given Q and the magnetic field, we
can estimate the limitation on the aspect ratio of the compressed plasma
column, Afc, imposed by the overheating of the winding.
Analogous restrictions on A^ are also imposed by mechanical-strength
requirements to be met by the coil. Estimates show that a substantial fraction
of the full force tearing at the toroidal coil should be taken up by its central rod.
Using these limitations, we can determine the total energy of the toroidal
field for the experiment with given Q, depending on the magnetic field. Results
of these estimates are given in Fig.2 on the assumption of the following
dependence of |8 on the aspect ratio:
¡3 = 0.5/q2 A k

(5)

Figure 2 shows that, for the experiment with Q = 1, there exist optimum magnetic
fields at which the total field energy is minimum. This optimum lies in the range
10— 14 T. Increasing the field is not beneficial because of the growing losses
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through the ion channel. If the ion losses are significantly higher than neoclassical,
the optimum field will be reduced; on the other hand, at low fields, the size
minimum is reached through high j3 at low Afc. An analysis of experimental
data [5] shows that there are reasons for expecting an increase in the electron
thermal conductivity with decreasing aspect ratio. In this case, the optimum
field increases. Hence, for our further considerations, we have taken the toroidal
field on the radius Rk, B^ » 12—13 T, to be the optimum value.
MAIN DEVICE PARAMETERS
The aboveconsidered estimates constituted the basis for optimization
calculations which suggest the parameters of a feasible experiment as given in Table I.
EXPECTED PLASMA PARAMETERS
The parameters chosen for the initial stage are close to parameters of
existing devices, therefore the plasma parameters for the case of Ohmic heating
can be estimated rather precisely: the mean temperature of the electrons is
300-350 eV (at Zeff = 1 ), the mean temperature of the ions is 300 eV, rge ^ 20 ms
(at a mean density of 5 X 10 13 cm -3 ). The auxiliary heating with a power of
Q
n

3-

\

\

\

\

\

P (MW)

\

J-^-"—

\

-

6

8

15

1.25

1 0 x 1 0 B c m ñ.

FIG.3. Dependence of Q on initial
plasma density for different powers of
initial auxiliary heating. In the calculations,
Alcator scaling for electron thermal conductivity and a neoclassical coefficient of
ion thermal conductivity were assumed.
Duration of auxiliary heating 160 ms,
Ata = 10 ms, A r R = 8 ms.
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TABLE I. PARAMETERS OF A FEASIBLE EXPERIMENT
Initial major radius, R0

1.06 m

Initial minor radius of column a0

0.32 m

Initial magnetic field at radius R0, B0

2T

Initial current, J p0

up to 0.48 MA

Field at radius R0 after minor-radius compression, Bo

5T

Final major radius, Rf

0.42 m

Final minor radius, af

0.125 m

Field at radius Rf after compression, Bf

12.9 T

Finite current, Jpf

up to 1.2 MA

Duration of field flat tops, At! = At2

0.2 s each

Duration of compression, t cp

10 ms

1 MW can lead to an increase in the mean temperature, approximately up to
1 keV. As an alternative, ion cyclotron heating is possible. By varying the
initial plasma density, one can also vary the ion temperature up to the end of
the initial stage.
Compressions with respect to minor and major radii may take place
consecutively or with a time overlap. The duration of the compression was
chosen to be 10 ms. Calculations show that, after compression, the temperature
at the plasma column axis will exceed 7 keV. Figure 3 shows the expected
dependences of Q, after compression, on the initial plasma density. High values
of Q at low densities are explained by the large difference between the ion and
electron temperatures. The calculations reflected in Fig.3 have been done
on the assumption of Alcator scaling for the electron thermal conductivity at
high temperatures; they do not take into account possible effects due to
plasma detachment from the walls, to alpha-particle heating, or the increase in
thermonuclear release caused by the acceleration of fast particles injected during
compression.

MAJOR-RADIUS COMPRESSION
Different types of major-radius compression are possible. It is attractive to
create a vertical-field profile such that its small change results in the plasma
column passing from one stable state at point R 0 to another at point Rf < R 0 .
In this case, however, the plasma is heated at the cost of plasma-current magneticfield energy and, consequently, this method is only suitable for a plasma with
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FIG. 4. Dependence of plasma column
current on radius during compression in
almost constant vertical field at various
initial |3j. The points label moments
where j3j = R/a.

low J8J. For |3j ^ 1, such a compression gives rise to a strong reverse skin
current in the column, which stops the compression. Figure 4 shows the
dependence of column current on radius for such a compression for different
initial /3j. To avoid skin current, a definite relation between the field at the
column orbit and the flux through this orbit has to be fulfilled during compression.
If we assume that the radial profile of the vertical field does not change at
compression (the ratio of currents in different coils is kept constant, only
the value of current is varied), we can calculate the profile providing skinless
compression at the present initial value j3j. This can be created with the help
of two windings — the inductor winding having the field decreasing with the
radius, with the multipole null at radius 1.06 m, and the compression winding
located outside the plasma column (see Fig. 1 ) and generating a field close
to homogeneous.
After compression, plasma cooling will take place. To keep the major
radius constant, the vertical field should decrease with time. This can be
approximated rather accurately by an exponential decrease with a constant
that is equal to twice the energy confinement time. To control the equilibrium
field precisely, it is necessary to use an additional feedback system whose
control windings are shown in Fig.l.
CONCLUSIONS
The calculations outlined above show that, in the experiment with the
parameters as presented in Table I, a plasma with a density of about
10 15 cm - 3 , a temperature of about 10 keV and with Q « 1 can be obtained.
The energy confinement time of such a plasma after compression cannot be
predicted sufficiently accurately at present, but, with reasonable certainty, we
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0.4-

FIG. 5. Dependence of alpha-particle
confinement coefficient on current for
(1) a circular chamber with radius 12.5 cm
and (2) a chamber of the device under
consideration.
may expect to achieve desirable densities, temperatures and j3-values, and to
be able to investigate the plasma in conditions that are of interest to us.
We might even succeed in observing plasma heating effects due to thermonuclear alpha-particles. Figure 5 presents results of- calculations of the
dependence of alpha-particle confinement on the current for the geometry
of Fig. 1.
Thus, it is our hope that the experimental device described will be able to
give us further valuable information on the behaviour of thermonuclear plasmas.
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DISCUSSION
B. COPPI: I see that you have adopted an interesting transformer design.
Could you give further details?
B.B. KADOMTSEV: I can only say that the poloidal field coil position
was determined by careful optimization.
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REACTOR SYSTEMS STUDIES OF ALTERNATIVE FUSION CONCEPTS.
The results from recent systems studies of seven alternative fusion reactor concepts are
presented.
1. INTRODUCTION
Although a majority of the world scientific and fiscal
resources being devoted to the problem of controlled nuclear
fusion is directed towards the tokamak confinement scheme, the
desire for more compact and higher power density systems that
may
operate
under
relaxed technological constraints has
maintained interest in alternative fusion concepts
(AFC).
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TABLE I
SUMMARY OF ALTERNATIVE FUSION CONCEPTS (AFC)
REACTOR CONFINEMENT SYSTEM

INSTITUTIONS)

Elmo Bumpy Torus Reactor (EBTR)
Ohmically-heated Tokamak (RIGGATRON)
Reversed-Field Pinch Reactor (RFPR)
Slowly-Imploding Liner (LINUS)
Triggered Reconnection, Adiabatically
Compressed Toroid (TRACT)
Field-Reversed Theta Pinch (CTOR)
Dense Z-pinch Reactor (DZPR)

a

ORNL/LASL
SAI/INESCO/MIT
LASL
NRL/LASL
MSNW
LASL
LASL

ORGANIZATION OF ALTERNATIVE FUSION CONCEPTS (AFC)

STEADY-STATE
TOROIDS
EBTR

LONG-PULSED
OHMICALLY-HEATED
TOROIDS
RFPR
RIGGATRON

PULSED
FIELD-REVERSED
CONFIGURATIONS

FAST-PULSED
SYSTEMS

LINUS
CTOR,TRACT

DZPR

Refer to author list for institutional identification of letter symbols.

Table I summarizes the seven AFC s being considered here. The
level of design detail and physics bases vary among each
concept, some studies being relatively complete, whereas others
are presently under continued examination. For this reason a
quantitative intercomparison and ranking is not possible or
advisable at this time. Although the numerical values for
reactor parameters given in Table II can be viewed as typical,
the reactor embodiment for a given AFC will most certainly
evolve as insight from experimental, theoretical and systems
studies develops.
2. STEADY-STATE TOROIDS (EBTR)
The reactor potential of the ELMO Bumpy Torus (EBT) was
first examined over four years ago [1], and interim revisions
have been subsequently made [2]. The EBTR concept is presently
being
reassessed
[3]
based
on recent experimental and
theoretical interpretations of plasma confinement in a bumpy
torus [4]. A bumpy-torus configuration that is stabilized by
energetic electron rings located at each midplane
position
combines a number of unique reactor features: steady-state
operation in either an ignited or a high-Q driven mode;
potential for high-beta operation; large aspect ratio to render
an open and accessible geometry; ease of maintenance, modular
construction and a relatively simple magnet system. Although
the earliest EBTR designs [1] predicted moderate-to-large power
plants, the attainment of high magnetic aspect ratios in systems
with lower physical aspect ratios through the application of
aspect-ratio-enhancement
(ARE)
coils indicates [2,3] that
smaller reactors may be possible.

IAEA-CN-38/V-4
The interim design point reported in Table II is based upon
a
time-dependent,
point-plasma
simulation
[3]
that
simultaneously controls the fueling rate and
electron/ion
heating rates to bring the plasma from a low-density/lowtemperature state to a controlled ignition.
A point-plasma
approximation for neoclassical transport was used in conjunction
with an ambipolar condition determining the radial electric
field.
The radial magnetic field curvature that drives the
poloidal gradient-B drifts was parametrically varied in the burn
simulations, but a separate bounce-average magnetics computation
was used to verify the accessibility of the desired field
curvatures
by
realistic
toroidal-field/ARE
coil
and
blanket/shield designs [3]. Electromagnetic effects of the
diamagnetic electron rings have not been incorporated, but the
ring parameters where collisional drag from the hot electrons to
the background edge plasma would be acceptable have been
quantified; these results generally agree with other estimates
[5].
Although
the
complex interaction between bumpy-torus
transport, electron-ring physics, magnetics, ARE effectiveness
and
first-wall/blanket/shield/coil designs requires and is
receiving [3,6] more detailed analysis before a fully optimized
EBTR design can be presented, the reactor potential reflected by
past studies [1,2] has generally been substantiated.

3. LONG-PULSED OHMICALLY HEATED TOROIDS (RIGGATRON, RFPR)
In terms of power density, relative
simplicity
and
symbiosis with the basic confinement scheme, ohmic heating by
toroidal plasma currents is unmatched as a heating scheme. Two
long-pulsed toroidal concepts are described that propose ohmic
heating as the sole means to obtain an ignited thermonuclear
plasma for reactor application.
3.1. A High-Field Ohmically Heated Tokamak Reactor (RIGGATRON)
Although in principle a tokamak, the RIGGATRON [7] approach
represents a sufficient change in engineering approach and
"conventional" tokamak physics to warrant consideration here as
an AFC.
The combined use of high toroidal current density
(8 MA/m2) and high-field ( 16-20 T) copper coils positioned near
the first wall allows net energy production in a relatively
short burn period from a high-beta ohmically heated system. The
severe thermal-mechanical environment in which the relatively
inexpensive ($250 000 if mass produced) Fusion Power Core (FPC)
must operate necessarily dictates an engineered short life. The
plasma chamber and the Ü20-cooled copper magnets would be small
because of the increased plasma density [2-3(20)^1 n~^] and high
beta (0.15-0.25). The 6-10 tonne FPC would generate 1-2 GWt,
the fusion neutron power being recovered in a fixed lithium
blanket located outside the magnet system.
Recovery of joule
and neutron heating in the copper coils is also an essential
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TABLE II
PARAMETERS FOR ALTERNATIVE
EBTR

GEOMETRY

TORUS
(Circ.)

RFPR
TORUS
(Circ.)

ON

o

FUSION REACTOR CONCEPTS

RIGGATRON

LINUS

CTOR

TORUS
(D-shape)

NRL/LASL
LINEAR
(FRC)

LINEAR
(FRC)

DZPR

TRACT
LINEAR
(FRC)

LINEAR

i.o(io)- 4

MINOR RADIUS (m)

1.0

1.5

0.34

0.08/0.037

0.31

0.14

MAJOR RADIUS (m)

60

12.7

0.85

0.19/0.11

0.36

LENGTH(m)

—

—

—

3.1/10.0

0.52
6.0

PLASMA VOLUME (m3)
DENSITY (10 20 An 3 )

1183
0.9

564
2

2
20-30

0.35/0.50

12.0

1.52

0.1
3.1 (10)- 9

10

28

1.65O0)7

PLASMA TEMP. (keV)

32
0.3

15-20
0.3

2400/1900
15/20

12-14

8-40

10-30

0.55/0.60

0.8

0.77

4.1
DRVN
2.3/4.7

4.5

230
IGN

560
IGN

1.0
1.2(10)10

IGN
16.0

4000/6500
DRVN/IGN
54/60

4.2

7

200

NA

240

570

AVERAGED BETA
PLAS. POWER DEN. (MW/m3)
IGNITED/DRIVEN BURN
MAGNETIC FIELD (T)
PULSED ENERGY (MJ)
BURN TIME (s)

NA

IGN
3.0
14700

12-20
0.2
460

1.88

DRVN
2909
0.24

OO

21.6

36

0.0004/0.0010

2.0

0.5

2(10) - 6

0

5.0

3

1.0/0.5

6.2

0.5

1.3

2.7

305/259

2.0

10.0

—

0.8

68
17

0.1
2.5

4.7/7.0

0.33

THERMAL POWER (MWt)

5240

3000

1325

1790/3350

0.05
1000

520

0.6
44

NET POWER (MWe)

1570
0.49

750

355

130

16

0.50

14

507/910
4.1a

300

SYST. POWER DEN. (MWt/m3)

0.70

1.70

10.5

RECIRC. POWER FRAC.

<0.1

0.17

0.33

0.15

0.19

0.13

NET PLANT EFFICIENCY
DIRECT COST ($/kWe)

0.30

0.25

0.27

0.15/0.22
0.28/0.27

0.30

0.25

0.26

—
—

1104

1622

-/1000

2100

66

44

-/60

—
—

OFF TIME (s)
NEUT. CURRENT (MW/m2)
HEAT FLUX (MW/m 2 |

POWER COST (mills/kWeh)

Calculated using reactor volume including the gas reservoir used to drive the liner. If the smaller volume enclosed by the unimploded
liner is used as the basis, this parameter would be increased by a factor ~ 5.
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FIG. I. Cost-constrained design curves for the Riggatron.
element of the overall power balance.
The
short-lived,
disposable FPC would operate in clusters of 4-6 fusion modules,
with two additional stand-by modules and a rapid "plug-in"
capability providing high plant reliability/availability without
in situ remote maintenance.
The optimum design window was
investigated
with
a
one-dimensional model that has been benchmarked with PLT,
Alcator-A and Alcator-C data. Holding the safety factor, q, at
the
plasma
edge
to
2,
the
smallest
value
of the
density/electron-diffusivity product, nx , where global ignition
would occur was examined parametrically in field, B(T), aspect
ratia A = R/a, and plasma elongation, K.
Using a parametrically
derived ignition condition, marginal ignition was found for
19
B = 16 T, A = 2.5, K = 1 and n X e = 5(10) /ms,
The optimum
design window for the FPC size occurs for R in the range from
0.57 to 0.95 m.
These burn physics results have been coupled to materials,
neutronics and economics constraints to specify key engineering
requirements. Limiting the smallest FPC size on the basis of
space required by the ohmic-heating transformer, and specifying
the largest size from considerations of tritium breeding, magnet
thickness and practical limits on total power (i.e. 1-2 GWt)
leads to major radii in the range 0.57-0.95 m and A = 2.0-2.5.
Practical considerations of material strengths, first-wall heat
fluxes (20-40 MW/m^, no divertors) and plasma volume access
versus ripple constraints (180 toroidal field coils, 0.1%
ripple, 30% vacuum pumping area) results in the
typical
parameter space shown in Fig. 1.
A cost-constrained operating mode emerges from Fig. 1 as
follows:
magnet
power
is
applied
for
a
low-density
ohmically-heated ignition; gas puffing or pellet injection
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increases and sustains the plasma density and fusion power;
simultaneously, the toroidal and poloidal fields are reduced to
increase beta and to reduce q to operational levels; typical
burn control requires 10-100 Hz response frequencies; the burn
is terminated by impurity buildup after ~ 30 s.
3.2. Reversed-Field Pinch Reactor (RFPR)
The Reversed-Field Pinch is similar to a tokamak in that a
toroidal axisymmetric configuration is used to confine a plasma
with toroidal current by a combination of poloidal and toroidal
magnetic fields. Using a passive conducting shell, the RFP
replaces the q > 1-2 tokamak constraint by one that requires
dq/dr ¿ 0; the variation of the plasma/field shear should not
exhibit a minimum in a region enclosed by the conducting shell.
By removing the tokamak q constraint, the RFP operates with a
current density that is sufficient for ignition by ohmic
heating, unrestricted aspect ratio, higher beta values and
appreciably
lower
magnetic fields at the superconducting
windings.
Reactor prognoses based on these degrees of design freedom
have
been
made
by
two
independent studies [8]. The
aforementioned RFPR advantages of lower magnet costs and the
possibility of ohmic heating to ignition are compensated to some
extent by the need for a passive electrically-conducting shell
located near the plasma edge; the impact of this shell on the
overall system modularity and thermal efficiency remains to be
fully resolved.
An uncertainty for the RFP is the poorly
understood scaling of energy loss during and after startup and
the related impact both on achieving ignition by ohmic heating
as well as providing a means to maintain the plasma beta below
stability-related limits.
The point-plasma model used to generate the basis for the
reactor design given in Table II has been superseded by a
one-dimensional
(radial) MHD
burn
simulation [9] which
parametrically varies particle, field, energy and alpha-particle
transport assumptions.
Agreement between the two models is
good, with the one-dimensional simulations predicting somewhat
higher Q-values because of lower fields and toroidal currents
required for ignition. This difference is related to local
ignition occurring near the plasma axis.
Although the long-pulsed unrefueled design reported in
Table II is characterized by a high Q-value and acceptable power
costs, technological implications of first-wall thermal cycle
and pulsed fields gives a strong impetus to examine the
potential for truly steady-state operation. Recent suggestions
[10] for rf current drive and limiter/divertors should also be
applicable to the RFPR. Additionally, the unique phenomenon of
pitch convection [11] may also provide a means to sustain the
toroidal current in a RFP configuration.
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4. PULSED FIELD-REVERSED CONFIGURATIONS (FRO
The a p p l i c a t i o n of f i e l d - r e v e r s e d c o n f i g u r a t i o n s
(FRC) or
"compact t o r o i d s " to t h e g e n e r a t i o n of f u s i o n power has r e c e n t l y
r e c e i v e d c o n s i d e r a t i o n , and a wide r a n g e of approaches has been
envisaged [ 1 2 , 1 3 ] . R e s u l t s a r e given from t h r e e r e c e n t s t u d i e s .
4 . 1 . Slowly-Imploding L i n e r Reactor (LINUS)
The use of a "dynamic c o i l " to h e a t a FRC plasmo id by
s t r o n g a d i a b a t i c compression has been under study a s a r e a c t o r
a t b o t h NRL [14,15] and LASL [ 1 6 ] . The l i n e r i s imploded by a
mechanical or gas-dynamic
drive
onto
a
FRC
plasmoid,
transferring
t h e l i n e r k i n e t i c energy t o t h e plasmoid through
magnetic flux compression of t h e h i g h - b e t a
plasma.
The
slowly-imploding
l i n e r (LINUS) r e a c t o r concept promises a
high-power d e n s i t y with unique s o l u t i o n s t o s e v e r a l
technology
problems.
The
concept
e n v i s a g e s t h e n o n d e s t r u c t i v e and
r e v e r s i b l e c o m p r e s s i o n / r e - e x p a n s i o n of
a
qua s i - c y l i n d r i c a l
l i q u i d - m e t a l (Li o r LiPb) l i n e r t h a t i s r o t a t i o n a l l y s t a b i l i z e d
against Rayleigh-Taylor
modes
at
peak
compression.
A
h i g h - p r e s s u r e helium r e s e r v o i r (~ 15 MPa) would s e r v e as t h e
l i n e r energy s t o r a g e . The FRC plasmoid can be produced in s i t u
u s i n g r o t a t i n g r e l a t i v i s t i c e l e c t r o n beam t e c h n i q u e s [17] or
formed e x t e r n a l l y by a F i e l d - R e v e r s e d Theta Pinch (FR0P)
[18].
Depending on t h e s p e c i f i c approach [14,16], t h e i n i t i a l s t a t e of
t h e plasmoid r e q u i r e s 0 . 4 - 0 . 5 - k e V t e m p e r a t u r e , 0.5-T magnetic
field,
a v e r a g e b e t a of ~ 0 . 6 - 0 . 8 and a l e n g t h of 8-10 m. The
plasmoid i s compressed on a ~ 20-ms t i m e s c a l e to a f i n a l
state
(15-20 keV, 50 T, and B = 0 . 6 ) a t which p o i n t a v i g o r o u s
t h e r m o n u c l e a r burn o c c u r s during t h e s h o r t (~ 0 . 5 - 1 . 0 ms) dwell
time a t peak compression. Provided t h a t t h e r a d i a l dimensions
a r e a p p r o p r i a t e l y chosen, t h e a l p h a - p a r t i c l e energy added to t h e
plasmoid i s s u f f i c i e n t to compensate for t h e mechanical l o s s e s
i n c u r r e d during t h e l i n e r implosion, t o d r i v e t h e l i n e r
outward
and t o r e p r e s s u r i z e t h e helium r e s e r v o i r . The l i q u i d - m e t a l
l i n e r is sufficiently
t h i c k (> 1 m) a t peak compression to
s h i e l d n e u t r o n i c a l l y t h e permanent s t r u c t u r e and Implosion
mechanism. In a d d i t i o n , t h e l i n e r m a t e r i a l f u n c t i o n s as a
tritium-breeding
b l a n k e t , primary h e a t - t r a n s f e r medium and
" r e c y c l e d " f i r s t w a l l t h a t i s c a p a b l e of accommodating s e v e r e
thermal l o a d i n g s .
The NRL group proposes two approaches t o t h e LINUS c o n c e p t .
The more r e c e n t NRL p r o p o s a l u s e s t a n g e n t i a l i n j e c t i o n to c r e a t e
t h e r o t a t i n g l i q u i d l i n e r . This newer approach would o p e r a t e
w i t h two o p p o s i t e l y - d i r e c t e d a n n u l a r f r e e - p i s t o n s and would
avoid
the
problems
anticipated
with
high-temperature,
h i g h - s t r e n g t h r o t a r y s e a l s and b e a r i n g s a s s o c i a t e d w i t h
earlier
NRL d e s i g n s t h a t used r a d i a l p i s t o n s . Axial p i s t o n s would a l s o
develop an a x i a l convergence of t h e l i n e r m a t e r i a l , which would
a l l o w t h e l i n e r energy t o follow t h e a x i a l c o n t r a c t i o n of a FRC
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plasmoid t h a t o c c u r s during r a d i a l compression [ 1 8 ] .
A LINUS
compression t h a t i s d r i v e n by a t a n g e n t i a l
injection also
e l i m i n a t e s t h e need to r o t a t e a l a r g e f r a c t i o n of t h e r e a c t o r
s t r u c t u r e , w h i l e s i m u l t a n e o u s l y l e a d i n g to a more s p h e r i c a l l y
symmetric implosion (reduced "water-hammer" pulsed p r e s s u r e of
r e a c t o r s t r u c t u r e a t peak compression) and allowing t h e l i n e r to
follow more c l o s e l y an a x i a l l y - c o n t r a c t i n g FRC plasmoid with
reduced
end-streaming
of t h e fusion n e u t r o n s .
The LASL
p a r a m e t e r l i s t given in Table I I i s based on independent
modeling of an a l t e r n a t i v e LINUS c o n f i g u r a t i o n
in which a
r a d i a l l y - c o l l a p s i n g s h e l l with t a n g e n t i a l injection provides the
liner drive.
Critical
i s s u e s t h a t have r e c e n t l y been addressed [16]
i n c l u d e : c o u p l i n g of t h e l i n e r dynamics t o t h e plasmoid burn
history
in
the
presence
of
d i s s i p a t i v e and n o n l i n e a r
magnetic-field diffusion into the l i n e r m a t e r i a l ; the attainment
of n e t energy y i e l d in s u f f i c i e n t l y r e v e r s i b l e l i n e r compression
c y c l e s ; n e u t r o n i c performance of t h e l i n e r
blanket;
and
m e c h a n i c a l / t h e r m a l / h y d r a u l i c d e s i g n of t h e n u c l e a r i s l a n d .
The
use
of t h i s "dynamic c o i l " t e c h n i q u e i s under
e x p e r i m e n t a l and t h e o r e t i c a l s t u d y ; t h e s e e x p e r i m e n t a l
results
have
been
used
t o g u i d e t h e NRL r e a c t o r d e s i g n [ 1 5 ] .
Experimental work [19]
has
demonstrated
controlled
and
reversible liquid-liner
implosions with r a d i a l compressions of
up t o 3 0 . Peak p r e s s u r e s t h a t a r e hydrodynamically
equivalent
t o fusion r e a c t o r c o n d i t i o n s have been achieved by t h e LINUS-0
and HELIUS f a c i l i t i e s a t NRL. Numerical s i m u l a t i o n s p r e d i c t t h e
measured implosion times and p r e s s u r e s , and e f f i c i e n c i e s in
e x c e s s of 90% were measured.
In a d d i t i o n to a g r e e i n g w i t h
n u m e r i c a l s i m u l a t i o n s t h a t i n c l u d e f i n i t e sound speed, t h e a x i a l
e n d l o s s of l i n e r m a t e r i a l has been modeled t h e o r e t i c a l l y and
e v a l u a t e d on t h e HELIUS d e v i c e . Experiments have a l s o measured
f i e l d d i f f u s i o n in s t a b i l i z e d l i q u i d - m e t a l (NaK) l i n e r s under
implosion
conditions,
with
initial
r e s u l t s a g a i n being
c o n s i s t e n t with numerical s i m u l a t i o n s . A d d i t i o n a l
experimental
work h a s s u c c e s s f u l l y g e n e r a t e d r o t a t i n g l i q u i d l i n e r s by
t a n g e n t i a l i n j e c t i o n and has been used in t h e e s t i m a t e s of power
r e q u i r e m e n t s f o r t h e NRL r e a c t o r d e s i g n summarized in Table I I .

4 . 2 . T r i g g e r e d - R e c o n n e c t i o n A d i a b a t i c a l l y Compressed Torus
(TRACT) R e a c t o r
L i k e t h e LINUS c o n c e p t , t h e TRACT approach proposed by MSNW
e n v i s a g e s t h e s t a t i o n a r y ( n o n t r a n s l a t i n g ) a d i a b a t i c compression
of a preformed FRC t o i g n i t i o n .
Table I I g i v e s
typical
p r o t o t y p e r e a c t o r p a r a m e t e r s for t h i s ~ 1-Hz b a t c h - b u r n system.
U t i l i z i n g a l o n g e r burn p e r i o d (~ 0 . 5 s ) and lower magnetic
fields
( 5 . 3 T)
t h a n LINUS, a h y b r i d
superconducting(dc)/
normal(ac) c o i l system would p r o v i d e
the
required
flux
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compression to achieve ignition in a plasmo id of initial 0.72-m
radius. A first-wall normal coil cancels and subsequently
reverses the field generated by an exo-blanket superconducting
coil for a few milliseconds, during which time a low-temperature
plasma is created. The superconducting flux is re-established
in the plasma chamber in two stages: a fast (shock) stage and a
slower (adiabatic compression) stage. During the shock phase
the plasma column and trapped (reversed) bias flux are radially
compressed; significant shock heating results. During the shock
heating and compression, cusp coils at each end of the 8-m-long
plasma chamber reinforce the trapped flux while expanding the
forward flux, leading to a delay in the reconnection of field
lines.
At the time when the external field induced by the fast
shock-heating power supply reaches a peak value, trigger coils
are activated and field-line reconnection occurs. The resulting
elongated FRC rapidly compresses axially, this axial compression
providing the bulk of the heating. As the first-wall bias coil
continues to discharge to zero current, the full superconducting
field
is
retrieved,
and
a
moderate amount of radial
compressional heating follows.
The resulting
~ 1.5-m-long
plasmoid would attain ignition.
The TRACT parameters in Table II apply to a prototype
reactor that would generate net electric power in relatively
small sizes and at low cost.
A fusion energy of 538 MJ is
produced from each batched burn. The magnetic energy required
to null and to reverse the superconducting field is 570 MJ.
Joule losses are small because of the hybrid magnet approach and
transient nature of the current nulling. Economic recirculating
power fractions are calculated for a 90% pulsed-energy transfer
efficiency. Thermal and direct-energy recovery from the burning
plasma has not been considered, but should lead to somewhat
reduced recirculating power fractions.
The proposed TRACT heating of a FRC plasmoid leads to a
relatively small pilot plant of moderate cost (100 M$) that may
operate
on
the basis of near-term technology.
A large
commercial plant that distributes the power supply costs over
several reactor modules benefits from an economy of scale that
predicts direct capital costs of 1300 $/kWeh. The advantages of
significant heating promised by axial compression (reduced
shock-heating voltage) and the use of the hybrid magnet approach
(reduced magnetic energy transfer and joule losses), innovations
which indeed may be significant, are counterbalanced by problems
that have been identified for other similar systems (in-core
voltage, pulsed energy storage/transfer, thermal cycle, etc.)
and which remain to be better quantified and solved.
4.3. The Compact Torus Reactor (CTOR)
The CTOR system investigated at LASL uses an external
Field-Reversed Theta Pinch (FR0P) to produce a FRC plasmoid that
is subsequently translated through a linear burn chamber. This
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approach differs from both the LINUS and TRACT systems; the
high-voltage
plasmoid source and compressional heater are
removed from the burn chamber. To minimize the technological
requirements imposed by the plasmoid source and the associated
pulsed power, a tapered axial compressor maintains the first
wall/magnet coil close to the plasma for stability, while the
translating plasmoid is adiabatically compressed to ignition.
Translation of the ignited plasmoid in the high-temperature burn
chamber allows portions of the conducting shell that have not
experienced flux diffusion to be continually "exposed". A
nearly steady-state (thermal) operation of the first wall is
possible
by adjusting plasmoid speed and injection rate.
Locating the stabilizing conducting shell outside the blanket
permits
room-temperature
operation
and minimizes the
translational power, which can be provided
directly by
alpha-particle
heating by modest radial expansion of the
plasmoid inside a slightly flared conducting shell, blanket and
first wall. Superconducting coils located outside the blanket,
conducting shell and shield provide a continuous bias field that
is compressed between the conducting shell of radius r and the
plasmoid with separatrix radius r g ; MHD stability is thereby
provided throughout the burn. The plasmoid motion terminates in
an end region where expansion directly converts internal plasma
energy to electrical energy.
EXPANSION/
QUENCH

COMPRESSOR
FRGP i
TAPERED BURN CHAMBER

l.6=n¡(Kr'm" 0

ATIOkeV)

CLASSICAL TRANSPORT SCALING
ALCATOR TRANSPORT SCALING
2 0 0 BOHM TRANSPORT SCALING
10

20
30
40
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60
BURN SECTION LENGTH, L (m)

70

FIG. 2. Dependence of engineering
Q-value on CTOR length and
transport scaling.

Parameter studies were performed using a point-plasma model
t h a t incorporates a n a l y t i c a l equilibrium expressions [13,18]. A
FR0P plasmoid
(1.6 keV; r g = 2.5 m} % - 9.7 m) i s compressed
to 8 keV ( r g = 0.85 m; I = 5.0 m) in 0.1 s .
This ignited
plasmoid enters the burn chamber with an i n i t i a l v e l o c i t y equal
to 2-5 times l/x , where the e l e c t r i c a l skin time, T , describes
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the decay of flux within the area between the first wall and
plasma separatrix.
The plasmoid velocity is
subsequently
reduced by tailoring the flare of the shell to maintain a
constant first-wall neutron loading along the length of the burn
chamber.
Plasmoid motion proceeds until the velocity falls
below £/T S , at which point the reactor length is defined.
Energy confinement time scalings corresponding to classical,
Alcator ( T E S 3(10)"21na2) and 200 Bohm times (T £ = 3.2a2B/Te)
were parametrically investigated.
The resultant engineering
Q-value, Q E , (inverse of recirculating power fraction), is shown
as a function of burn chamber length, L, in Fig. 2. Both
Alcator and 200 Bohm scaling result in plasma performances and
Qg values that are relatively insensitive to reactor length;
these burns are thermally stable and eventually quench because
of thermal loss. As the energy confinement time is reduced from
T E = 1 s (classical) to T £ = 0.2 s (Alcator) and 0.1 s (200
Bohm), respectively, the increased plasma losses are supplied by
increasing the FRC power density. This capability results in a
reactor that is remarkably invariant to plasma transport as the
plasma density and plasmoid injection rate are adjustable to
give a desired (axially-uniform) wall loading and total power.
5. FAST-PULSED SYSTEMS (DZPR)
The Dense Z-Pinch Reactor (DZPR) [20] reveals a number of
surprising deviations from conventional fusion reactor wisdom:
alpha-particle heating proved detrimental to the overall system
performance, and the optimum high-Q operating point may yield
small amounts of fusion power. The DZPR concept is eloquently
simple, representing one of the earliest confinement schemes
considered [21].
A
large electrical current (1.5 MA) is
initiated along a sub-millimeter, laser-formed current channel
within a high-pressure (> 1 atm) DT gas. The ohmically heated
constant-radius filament would produce 20-40 times the energy
initially delivered as magnetic field and ohmic dissipation.
Both analytic and numerical studies [20] indicate a well-defined
optimum that relies on current programming to achieve a constant
radius (~ 0.1-mm) burn.
A Q > 30 system would require an
energy of 240-kJ delivered within ~ 300 ns and a stable burn
period of 2 us in the absence of alpha-particle heating and
coronal diffusive/gas-ingestion processes.
Ohmic dissipation
provides the sole heating for the approach considered here;
shock and compressional heating along conventional lines are
undesirable.
Recent MHD stability analyses have indicated
greater stability for diffuse pinches [22] or for filamental
discharges initiated in dense gases [23]; finite-Lamor-radius
effects [24] or plasma flow [25] may also lead to enhanced
stability. This potential for improved stability has encouraged
preliminary reactor studies [20,26].
Analytic,
zero-dimensional
and one-dimensional plasma
simulations have been made over a wide range of operating
parameters [20], the latter two simulation models incorporating
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FIG. 3. Dependence of plasma Q-value
on plasma line density and driving
circuit voltage and energy for the DZPR.

a realistic electrical circuit (Marx bank, water transmission
line)
and being calibrated with a small but encouraging
experiment [27]. The results of parametric burn simulations
using the comprehensive zero-dimensional model, which has been
verified with the radial MHD burn code, are depicted on Fig. 3.
An experimentally achievable starting radius of 0.1 mm was
selected.
The results depicted in Fig. 3
are
virtually
independent of all variables other than those shown. These
results also appear to be relatively insensitive to the assumed
current risetime and crowbar time, primarily because of the
assumed batch burn and high fuel burnup.
Detailed engineering
designs
have
not
yet
been
made,
although
the
Marx-bank/water-line will lead to a number of obvious design and
operational constraints.
6. SUMMARY AND CONCLUSIONS
A
wide
range of AFC reactor embodiments have been
described. The physics bases relative to the conventional
tokamak varies widely, with the ordering of this presentation
more or less reflecting the upward gradient
in
physics
uncertainty.
Against this background of physics/technology
uncertainties, each AFC promises to varying degrees and for
different reasons an attractive alternative. Only through the
generation of more experimental evidence, however, can the
claims and prognoses made by each study be more firmly assessed.
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DISCUSSION
H. A.B. BODIN: In your account of the RFP reactor you mentioned the need
for a conducting wall. Some theories indicate that such a wall may be necessary in
tokamak reactors for operation at high /3. Can you comment on this and say
whether the Riggatron you described (j3 = 10—20%) had a conducting wall?
R.A. KRAKOWSKI: My reading of the design literature — and this is
confirmed by Dr. Shanny — indicates that no consideration has been given to
the need and/or function of a conducting shell for either the actual Riggatron
reactor or its experimental form. The general question of a flux-conserving shell
for tokamaks of moderate j3 (|3 ^ 5%) is only now beginning to receive attention
in the latest reactor designs. I refer you to paper CN-38/E-1 by Abdou et al.
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Abstract

ALTERNATE FUSION FUEL CYCLE RESEARCH.
New effects, including nuclear elastic scattering, reaction propagation, and self-interaction
between energetic ions promoted from the bulk Maxwellian, are found to increase the reactivity
of alternate fuel cycle mixtures. The effects are more pronounced at high electron temperature
(>50 keV) typical of cycles fromD-Dto p- n B. Superconducting coil designs for octupole
configurations can be designed to operate in the low neutron environment of an alternate fuel
cycle reactor and stable, levitated octupole configurations have been found in which the
external coils provide stabilization without influencing the equilibrium. Studies of D-D
reactors indicate that the tritium inventory can be 15 times lower than an equivalent power
D-Tdevice. For catalysed D-D systems, the reduction is 100 and forD-3He it is about 1000.
Little difference is found in overall fuel handling and vacuum system costs. Reactors with
D-3He may result in 10 to 100 times less radiation dose in a possible accident scenario compared
to D-T systems butD.-D reactors may actually generate higher external doses. Finally, reactor
scenarios are studied which involve generator reactors which produce 3He from a semicatalysed D-D unit to be burned in satellite reactors located nearer the user.
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Introduction

At s u f f i c i e n t l y h i g h t e m p e r a t u r e , many l i g h t element f u s i o n
f u e l c y c l e s a r e p o s s i b l e and can "be c l a s s i f i e d a s d e u t e r i u m or
hydrogen b a s e d . The d e u t e r i u m - b a s e d f u e l c y c l e s i n c l u d e t h e
r e a c t i o n s , t ( d , n ) a , d ( d , n ) 3 H e , d ( d , p ) t , 3 H e ( d , p ) a and d + " L i ,
•which h a s many b r a n c h e s . Examples of p r o t o n - b a s e d c y c l e s a r e
6LÍ(p,3He) a and H B ( p , a ) 2 a .
The d - t r e a c t i o n r e q u i r e s t h e lowest
t e m p e r a t u r e t o b u r n e f f i c i e n t l y (10-20 keV) and w i l l c e r t a i n l y be
t h e c y c l e i n n e a r - t e r m r e a c t o r s . However, t r i t i u m does n o t n a t u r a l l y o c c u r and must b e b r e d by n e u t r o n r e a c t i o n s w i t h 6 L i and
f L i . A l l o t h e r c y c l e s a r e b a s e d on commonly a v a i l a b l e i s o t o p e s ,
( e x c e p t f o r ^He) which w i l l r e q u i r e h i g h e r i o n t e m p e r a t u r e ( 5 0 300 keV depending on t h e c y c l e ) , and w i l l r e q u i r e t h a t d i f f e r e n t
p h y s i c a l e f f e c t s be i n c l u d e d t o p r o p e r l y a n a l y z e t h e r e a c t i o n
kinetics.
R e a c t o r s b a s e d on such c y c l e s c o u l d o f f e r a d v a n t a g e s r e l a t e d
t o l e s s complex b l a n k e t d e s i g n s , lower ( o r n o n - e x i s t e n t ) l e v e l s of
t r i t i u m i n t h e g a s - h a n d l i n g s y s t e m , improved m a t e r i a l c o m p a t i b i l i t y
and l i f e t i m e , i n c r e a s e d p l a n t l i f e t i m e and m a i n t a i n a b i l i t y , and
d e c r e a s e d l e v e l s of l o n g - t e r m i n d u c e d r a d i o a c t i v i t y .
These a d v a n t a g e s w a r r a n t c o n t i n u e d and i n c r e a s e d a t t e n t i o n t o t h e p h y s i c s and
r e a c t o r p o s s i b i l i t y of such c y c l e s . In t h i s p a p e r , we summarize
t h e r e s e a r c h of t h r e e g r o u p s : t h e work of UCLA, UW and TRW
on t h e p h y s i c s of advanced f u e l c y c l e s and t h e d e s i g n of s u p e r c o n d u c t i n g r i n g s f o r m u l t i p o l e d e v i c e s t o burn such f u e l s ; a s t u d y
by t h e Argonne N a t i o n a l L a b o r a t o r y and t h e U n i v e r s i t y of I l l i n o i s
on r e a c t o r t e c h n o l o g y c o n s i d e r a t i o n s f o r d e u t e r i u m - b a s e d f u e l
c y c l e s ; and r e s e a r c h by t h e U n i v e r s i t y of I l l i n o i s group on g e n e r a t o r - s a t e l l i t e concepts for r e a c t o r implementation.
II.

New P h y s i c s Phenomena i n t h e A n a l y s i s of Advanced F u e l C y c l e s

The r e a c t i v i t y of a d e u t e r i u m - t r i t i u m plasma i s almost u n i v e r s a l l y d e t e r m i n e d by assuming b o t h r e a c t i n g s p e c i e s have a Maxw e l l i a n d i s t r i b u t i o n . Except under c i r c u m s t a n c e s a s i n a l a s e r
f u s i o n t a r g e t [ l ] , t h i s t r e a t m e n t i s a d e q u a t e . For advanced f u e l
c y c l e s which burn a t h i g h e r t e m p e r a t u r e s , o t h e r e f f e c t s become
significant.
In p a r t i c u l a r , as t h e e l e c t r o n t e m p e r a t u r e i n c r e a s e s ,
t h e average macroscopic coulomb-interaction c r o s s - s e c t i c n for
e n e r g e t i c fusion product ions i n t e r a c t i n g with e l e c t r o n s decreases,
and e v e n t s such a s n u c l e a r e l a s t i c s c a t t e r i n g become r e l a t i v e l y
more i m p o r t a n t . T h i s i s e s p e c i a l l y t r u e f o r t h e i n t e r a c t i o n of
e n e r g e t i c f u s i o n p r o d u c t s w i t h background i o n s . I n a d d i t i o n , t h e
p a r t i c l e s promoted i n e n e r g y have a n o n - n e g l i g i b l e s e l f - i n t e r a c t i o n p r o b a b i l i t y b e c a u s e any two such p a r t i c l e s can have a s m a l l
r e l a t i v e i n t e r a c t i o n v e l o c i t y . We r e f e r t o such i n t e r a c t i o n s a s
t a i l - t a i l e v e n t s t o d i s t i n g u i s h them from i n t e r a c t i o n s w i t h t h e
b u l k Maxwellian. We have examined t h e s e e f f e c t s t o g e t h e r w i t h
r e a c t i o n p r o p a g a t i o n , a phenomenon i n which i n t e r m e d i a t e f u s i o n
r e a c t i o n p r o d u c t s o r f a s t f u e l p a r t i c l e s t h a t a r e promoted i n
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energy by a large energy transfer nuclear scattering event undergo fusion while slowing down (fast fusion or two-component events)
thereby propagating the cycle. To illustrate, consider the catalyzed d-d cycle:
d + d

3n + "Tie

(1)

d + d

p + t

(2)

d + t

n + a

(3)

d +

He -*• p + a

(k)

The fast charged r e a c t i o n products on t h e right-hand side are d i s t i n g u i s h e d by overbars. Nuclear e l a s t i c s c a t t e r i n g events such as
p + d -*•

p + d

(5)

a + d -»•

a + d

(6)

promote deuterons to higher energy and simultaneously deplete the
Maxwellian. As a result, the fast deuterons can react with background species and establish a propagating sequence. Two such
sequences are
d + d -*• p + t

d + t •> a + n

p + d -»• p + d

a + d -> a + d

(8)

(T)
d + d -*- p + t

t + d -* a + n

p + d -»• p + d

a + d -*• a + d

and t h e r e are many o t h e r s . A s e l f - c o n s i s t e n t c a l c u l a t i o n of the
r e a c t i v i t y including depletion of t h e Maxwellian (to conserve
the t o t a l number of p a r t i c l e s ) and s e l f - i n t e r a c t i o n of promoted
p a r t i c l e s shows t h a t , for a given T-j_, t h e r e a c t i v i t y increases with
T e because coulomb s c a t t e r i n g of fast p a r t i c l e s on e l e c t r o n s dec r e a s e s . The r e a c t i v i t y enhancement at T± = 75 keV exceeds 15%
for T e above 50 keV. The increase i s r e l a t i v e t o t h a t c a l c u l a t e d
for simple Maxwellian d i s t r i b u t i o n s .
Nuclear knock-on events modify t h e energy t r a n s f e r r e d t o
background ions and e l e c t r o n s during slowing down. As an example,
a lU.5-MeV proton slowing down in a plasma with T¿ = 75 keV and
T e = 50 keV w i l l t r a n s f e r about Jl% of i t s energy t o electrons
compared t o a value of 9k% computed where only couloirb s c a t t e r i n g
i s included.
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TABLE I. POWER BALANCE RESULTS FOR p - u B CYCLE
With

M

T (keV)
e

T.(keV)

nB/i

>p = 0..1

Q

nT

E

(cm

-s) required to

achieve Q = 5

200

1U0

0.8

k

-

250

155

0.97

32

2.U x 1 0 1 5

300

160

1.08

»

1.35 x 1 0 1 5

Fusion Pover
Brems st rahlung

Fus i or1 Power
Q = Input Power

The e f f e c t s of n u c l e a r s c a t t e r i n g , p r o p a g a t i n g r e a c t i o n s , and
t a i l - t a i l i n t e r a c t i o n s becomes even more i m p o r t a n t f o r p r o t o n b a s e d f u e l c y c l e s such a s p - ° L i o r p - Ü B which must o p e r a t e a t
s t i l l h i g h e r t e m p e r a t u r e s (Tj/v300 keV, T e ^ 100-150 k e V ) . The important r e a c t i o n s for p - Ü B are
Q

-1-1

p +

B -*• ¿t +

Be(ground s t a t e )

(9)

-*• 2 a

p +

1:L

B -> a" +

Be(2.92MeV s t a t e )
'

p +

(10)

• 2a

B -*• 3a(continuum b r e a k u p ) .

(ll)

R e a c t i o n b r a n c h (lO) i s dominant [ 2 ] , A r e a c t i o n l e a d i n g t o n e u t r o n
production i s
p +

1:L

B + n +

n

c

(12)

b u t t h e r e a c t i o n Q v a l u e i s - 2 . 7 6 5 MeV and t h e r e a c t i v i t y i s a t
l e a s t t h r e e o r d e r s of magnitude below t h a t of b r a n c h eqn. (l0). One
p r o p a g a t i n g r e a c t i o n sequence b e g i n n i n g w i t h b r a n c h (10) i s
11
p +

B

a + p

->•

=
a + 2a

-*•

p + a
(13)

5

12
+

a + p

TB

2a

-»•

a +

•+

p + a
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Including a l l t h e e f f e c t s described so f a r , the r e a c t i v i t y of a
p_llB mixture at T± = 300 keV and T e = l60 keV with a "baron t o p r o ton density r a t i o of 0 . 1 i s approximately 60% higher than t h e r e a c t i v i t y of a simple Maxwellian mixture at T¿ = 300 keV. This r e sult, together v i t h a l t e r e d values for the f r a c t i o n a l energy t r a n s fer from fast fusion p a r t i c l e s t o "background ions and e l e c t r o n s ,
has "been included in a re-evaluation of t h e power balance p o s s i b i l i t i e s of p - l l B . Assuming t h a t energy losses are due solely t o r e l a t i v i s t i c bremsstrahlung and removal of helium ash (at a temperat u r e Tj_), we find t h e r e s u l t s summarized in Table 1. For M > 1,
t h e mixture i s i g n i t e d . This i s t o be compared with e a r l i e r a s sessments [3-6] made neglecting t h e e f f e c t s described h e r e . Each
had concluded t h a t the maximum possible fusion Q value for t h i s
cycle would be l e s s than 3.

III.

Coil Design for a Multipole Alternate Fuel Burner

The multipole, because of i t s low magnetic f i e l d over the
bulk of the plasma volume (which should reduce synchrotron r a d i a t i o n ) , i t s p o t e n t i a l for large nr at high ion temperature, and i t s
high beta operation [7], appears t o be the most s u i t a b l e for burning proton-based advanced f u e l s . C r i t i c a l technology aspects cent e r on t h e design, l é v i t a t i o n and shielding of the superconducting
i n t e r n a l r i n g s . Lévitation of A i n t e r n a l octupole rings has been
studied at TRW and UW. Because of the large stored magnetic energy,
safety and r e l i a b i l i t y considerations led us t o emphasize passive
s t a b i l i z a t i o n in which currents induced in e x t e r n a l conductors
(wall hoops) as a r e s u l t of r i n g motion drive t h e r i n g back t o i t s
stable p o s i t i o n .
In addition t o the l e v i t a t e d rings within t h e plasma, t h e r e
are e x t e r n a l n o n - l e v i t a t e d c u r r e n t - c a r r y i n g conductors. In most
configurations, each external conductor p a r t i c i p a t e s in both
equilibrium and s t a b i l i z a t i o n , r e s u l t i n g in a s i t u a t i o n of highly
complex i n t e r a c t i o n s . Work at TRW has shown t h a t i t i s possible
t o construct e x t e r n a l conductors which provide only s t a b i l i z a t i o n .
Moreover, i t i s found t h a t t h e conductors can be configured so
t h a t each e x t e r n a l c o i l a f f e c t s only one degree of freedom in the
l e v i t a t e d c o i l system. This decouples t h e complex i n t e r a c t i o n s so
t h a t t h e various requirements can be i n d i v i d u a l l y met and the i n troduction of each successive c o i l does not affect t h e s t a b i l i t y
achieved by p r i o r c o i l s . In essence, the c o i l s are designed t o be
functionally orthogonal and the design technique i s r e f e r r e d t o as
the orthogonal design method. Stable configurations with 1, 2 and
h c o i l s have been found. In t h e l a s t case, a computerized design
of the r i n g configuration also meets t h e c o n s t r a i n t s t h a t an octu2
3B
8 K
pole f i e l d e x i s t (B = r— = —r- a t a point in t h e midplane) and t h a t
3r
the rings are in force-free equilibrium.
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S t u d i e s of s u p e r c o n d u c t i n g , c o i l d e s i g n s show t h a t t h e t h i n c o i l concept d e v e l o p e d a t Lawrence B e r k e l e y L a b o r a t o r y (LBL) i s
t h e best s u i t e d for a p p l i c a t i o n in the m u l t i p o l e . A preliminary
d e s i g n of r i n g s f o r a l a r g e o c t u p o l e e x p e r i m e n t h a s been c o m p l e t e d .
The i n n e r hoop has a 2m major d i a m e t e r , 0.2m minor d i a m e t e r , 2 MA
c u r r e n t , 10 MJ s t o r e d e n e r g y , 6.U T peak i n d u c t i o n and u s e s NboSn
w i r e . E i g h t d i f f e r e n t r i n g c r o s s - s e c t i o n s were a n a l y z e d u s i n g t h e
LBL SCMAG 12 computer c o d e . The d e s i g n s e l e c t e d h a s an a s s u r e d
s a f e quench, t h e lowest s t o r e d e n e r g y , and i s d i r e c t l y s c a l a b l e t o
a l a r g e r r i n g . The r i n g r e q u i r e s 6500 m e t e r s of Nb3Sn m u l t i f i l a mentory w i r e and u l t r a - p u r e aluminum i s s e l e c t e d for t h e s h o r t e d
s e c o n d a r y . Because t h e s e r i n g s e x t e n d p r e s e n t p r a c t i c e by a f a c t o r of f o u r i n c u r r e n t and a f a c t o r of t h i r t y i n s t o r e d e n e r g y ,
we have a l s o d e s i g n e d a t e c h n o l o g y v a l i d a t i o n r i n g t o e s t a b l i s h
t h e d e s i g n and f a b r i c a t i o n t e c h n i q u e s on a s m a l l e r (im d i a m e t e r )
scale.
Because t h e r i n g s i n a m u l t i p o l e a r e w i t h i n t h e plasma volume,
t h e y would b e s u b j e c t t o i n t e n s e r a d i a t i o n h e a t l o a d i n g which can
cause a s u r f a c e t e m p e r a t u r e of about 2000 K. T h e r e f o r e , t h e s u r f a c e must b e t h e r m a l l y i s o l a t e d from t h e s u p e r c o n d u c t i n g c o r e .
When t h i s d e s i g n i s a c h i e v e d , h e a t i n g of t h e s u p e r c o n d u c t o r by
f u s i o n n e u t r o n s and s e c o n d a r y gamma e n e r g y d e p o s i t i o n becomes domi n a n t . We have a n a l y z e d a 1000 MW-^h d-3He o c t u p o l e which b u r n s a
d e u t e r i u m - l e a n f u e l m i x t u r e . For a r i n g d e s i g n e d w i t h o n l y t h e r mal s h i e l d i n g i n c l u d e d , t h e c o r e t e m p e r a t u r e r i s e i s 0.007TK/s
which would r e s u l t i n l e s s t h a n 1200 seconds of c o n t i n u o u s o p e r a t i o n . By combining n e u t r o n and gamma s h i e l d i n g w i t h t h e t h e r m a l
d e s i g n , t h e r a t e of t e m p e r a t u r e r i s e can be r e d u c e d t o 5 . 6 X 1 0 ~ 5 K / S .
This would a l l o w about two days of s t e a d y - s t a t e o p e r a t i o n .
The
s i z e of t h e r i n g i n c r e a s e s by about 10% when s h i e l d i n g i s i n c l u d e d .
The n e u t r o n - i n d u c e d r e s i s t i v i t y change i n t h e l a t t e r d e s i g n i s
found t o be o n l y 1.3 p e r c e n t p e r y e a r . T h u s , two p o t e n t i a l l y
s e r i o u s problems i n m u l t i p o l e d e s i g n now a p p e a r t o be s o l v a b l e .
IV. R e a c t o r Technology C o n s i d e r a t i o n s of Deuterium-Based A l t e r n a t e
F u e l Cycle R e a c t o r s
At t h e Argonne N a t i o n a l L a b o r a t o r y and t h e U n i v e r s i t y of I l l i n o i s , an i n i t i a l s t u d y t o a s s e s s f u s i o n r e a c t o r t e c h n o l o g y r e q u i r e m e n t s of n o n - d - t f u s i o n f u e l s h a s been c a r r i e d out [ 8 ] . The
b a s i c approach was t o d e v e l o p r e p r e s e n t a t i v e p a r a m e t e r s f o r t h e
d i s t r i b u t i o n of r e a c t o r power among n e u t r o n s , c h a r g e d p a r t i c l e s
and e l e c t r o m a g n e t i c r a d i a t i o n f o r two sample confinement c o n c e p t s .
These power s p l i t d i s t r i b u t i o n s were t h e n u s e d t o examine key
r e a c t o r t e c h n o l o g y a r e a s such a s f i r s t - w a l l d e s i g n c o n s i d e r a t i o n s ,
s h i e l d i n g r e q u i r e m e n t s , e n v i r o n m e n t a l impact of a c t i v a t e d m a t e r i a l s , and f u e l c y c l e d e s i g n c o n s i d e r a t i o n s .
We s e l e c t e d f o r s t u d y a m a t r i x of f u s i o n f u e l s i n c l u d i n g d - t ,
d - d , c a t a l y z e d d-d and d-3He a l o n g w i t h a modest- and h i g h - 8 c o n finement s y s t e m . S i n c e t h e tokamak i s p r e s e n t l y t h e most h i g h l y
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developed confinement system,it was selected as a representative
modest g confinement system. The field-reversed mirror (FRM) was
selected as a representative high-g device. For purposes of technology considerations discussed in this paper, the most important
parameter is the fraction of total power carried "by neutrons. This
is relatively constant for the tokamak and FRM for a given fuel.
Thus it is possible to examine certain first wall/"blanket/shield
problems without specifying a particular type of device. This is
the general approach taken in this paper when the fuel cycles are
characterized in terms of neutron power fractions "by the following
representative values: d-t, ^80%; d-d, ^h0%; catalyzed d-d, ^k0%;
and d-3üe, °^1% (lean d mixture).
One of the major technological considerations of fusion reactors is the first wall facing the plasma. Important considerations for the first wall include allowable surface heat fluxes,
plasma-wall interactions, reflection of cyclotron radiation and
neutron damage. For a typical case of a stainless-steel wall,
surface heat loading limitations reduce the total wall loading
(surface heat flux plus neutron energy flux) by a factor of three
for d-d compared to d-t, and a factor of five for d-3He compared
to d-t. Thus, there is a greater incentive in non-d-t fuels to
develop materials that can operate at higher surface heat fluxes.
There is also greater incentive to operate in steady-state modes
rather than cyclic modes.
Surface roughing of the first wall will probably not significantly reduce reflection of cyclotron radiation although there is
very little experimental data. On the other hand, the use of lowZ, non-conducting surfaces (e.g. oxide coatings) may not be acceptable thereby possibly making impurity control more difficult
for alternate fuels.
It is important to note that radiation damage parameters
(atomic displacements and gas production rates) are reduced by
about two orders of magnitude for d-3ue compared to d-t for the
same total wall loading. The d-d cycle offers about a factor of
two reduction compared to d-t. The difference in neutron energy
spectrum has a minor impact compared to the vastly different neutron fluxes for these fuel cycles for a fixed total wall loading.
It is clear that maintenance of reactor internal components
(e.g. first wall, blankets, etc.) for any deuterium-based fuel
cycle will have to be by remote methods. Bulk shielding requirements (e.g. thicknesses) to protect superconducting magnets are
reduced by about a factor of two for d-\-Tle compared to d-t. For
d-d compared to d-t for the same total wall loading, the shield
thickness is reduced by about 30%. Typical thicknesses are 0.7 m
for d-^He, 1 m for d-d, and 1.^ m for d-t with a tritium breeding
blanket. One finds similar differences between the various fuel
cycles for penetration shielding requirements.
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FIG.l. Comparison of alternate fuel systems on biological hazard potential structural material:
316 stainless steel. The total heat flux, including neutrons, at the first wall is 1 MW- m~l. The
neutron fractions for the different cycles are: 80% for d-t, 40% for d-d, and 1 % for d-3He.

With t h e s e hulk r e a c t o r shielding t h i c k n e s s e s , t h e r e i s l i t t l e
difference between t h e various fuel cycles in t h e required b i o l o g i c a l shielding in the r e a c t o r b u i l d i n g . Typical thicknesses are
about two meters of concrete m a t e r i a l . I t i s l i k e l y , t h e n , t h a t
for t h e same size b u i l d i n g , one can expect l i t t l e difference in
t h e cost of t h e building for t h e various deuterium-based fuel cycles.
ïbr a case where 3l6 s t a i n l e s s s t e e l i s used as t h e blanket
s t r u c t u r a l m a t e r i a l , t h e long-term b i o l o g i c a l hazard p o t e n t i a l
(BHP) (see ï i g . l ) for a c t i v a t e d material for d-d i s similar t o
d-t up t o about 20 years a f t e r shutdown. After about 100 y e a r s ,
t h e difference between d- 3He and d-t i s small, i . e . l e s s than a
factor of t e n . îbr other m a t e r i a l s , such as vanadium and t i t a n i u m ,
the BHP i s s i g n i f i c a n t l y lower for a l l fuels compared t o s t a i n l e s s
s t e e l . Again, d-d i s similar t o d-t for the same t o t a l wall loadings.
The major conclusions r e s u l t i n g from an a n a l y s i s of fuel cycle
considerations are t h a t t h e t r i t i u m inventory for d-d r e a c t o r s i s
about a factor of 15 l e s s than for d-t r e a c t o r s for t h e same t o t a l
power. R>r catalyzed d-d systems, t h e reduction i s 100 over d-t
and for d - % e , t h e reduction i s about 1000. There i s l i t t l e difference in the t o t a l cost of t h e fuel-handling/vacuum system
between d - t , d-d and d--%e. The l i k e l y source of ^He seems t o be
a d-d r e a c t o r ; support r a t i o s of d-3ue t o d-d w i l l be in t h e range
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of 1:1 t o 1:2.
F i n a l l y , i t i s noted t h a t fuel processing for c a t a l y z e d d-d and d - % e i s g e n e r a l l y s i m i l a r t o t h a t f o r d - t and p r e s e n t s no major t e c h n o l o g i c a l d i f f i c u l t i e s .
With r e s p e c t t o g e n e r a l e n v i r o n m e n t a l c o n s i d e r a t i o n s , i t i s
found t h a t d-^He r e a c t o r s may r e s u l t i n lower r a d i a t i o n doses ( 1 0 100X l o w e r ) u n d e r p o s s i b l e r e a c t o r a c c i d e n t c o n d i t i o n s compared
t o a d - t r e a c t o r of t h e same t o t a l power, b u t t h a t d-d r e a c t o r s
may p r o d u c e h i g h e r t o t a l e x t e r n a l d o s e s compared t o d - t s y s t e m s .
The r a d i a t i o n doses due t o t r i t i u m compared t o t h e d o s e s due t o
s t r u c t u r a l materials are small.
V. G e n e r a t o r - S a t e l l i t e Concepts f o r A l t e r n a t e F u e l Cycle A p p l i c a tions
At t h e U n i v e r s i t y of I l l i n o i s , one r e a c t o r s c e n a r i o b e i n g
s t u d i e d f o r t h e u s e of a l t e r n a t e f u e l s (AFs ) would p l a c e t h e AF
r e a c t o r a s n e a r t h e u s e r as p o s s i b l e t o c a p i t a l i z e on t h e " c l e a n "
a s p e c t ( r e d u c e d t r i t i u m and n e u t r o n p r o d u c t i o n , e t c . ) of t h e f u e l
c y c l e s [ 9 ] . A r e l a t i v e l y n e a r - t e r m concept would b u r n d - 3 H e , l e a n
in deuterium, in small s a t e l l i t e r e a c t o r s ( l o c a t e d near t h e user)
which would t h e n have r e d u c e d t r i t i u m and n e u t r o n a c t i v a t i o n l e v e l s .
3He f u e l would be s h i p p e d from r e m o t e l y l o c a t e d g e n e r a t o r p l a n t s ,
r e l y i n g on ^Ee e x t r a c t e d from t h e e x h a u s t of a s e m i - c a t a l y z e d d-d
f u e l e d (SCD) r e a c t o r (^1000 MW e ). T h i s 3 He would y i e l d 0 . 5 t o 1MW
of s a t e l l i t e power perMW of g e n e r a t o r .
U s i n g , f o r e x a m p l e , 100MWe s a t e l l i t e s , t h i s would g i v e 5 t o 10 such u n i t s p e r g e n e r a t o r .
The s i z e a b l e n e u t r o n f l u x from t h e SCD g e n e r a t o r c o u l d , i n a d d i t i o n ,
be u s e d t o b r e e d t r i t i u m , and t h e decay t o 3 H e would i n c r e a s e t h e
power r a t i o t o *>h MW/MW.
The tokamak r e p r e s e n t s t h e " m a i n l i n e " c o n t e n d e r f o r t h e SCD
-lie g e n e r a t o r . The Argonne s t u d i e s of c a t a l y z e d d-d tokamaks[8]
i n d i c a t e i g n i t e d o p e r a t i o n w i t h a major r a d i u s of about 10 m and
a s p e c t r a t i o about 2 . An SCD p l a n t would be s l i g h t l y l a r g e r . The
r e l a t i v e l y l a r g e s i z e of t h e s e d e v i c e s (~3 0W^ h ) i s not of undue
concern s i n c e t h e y a r e s i t e d r e m o t e l y .
For a t t r a c t i v e o p e r a t i o n ,
a 8 > 10$ a p p e a r s n e c e s s a r y and f e a s i b l e .
The FRM c o n c e p t i n p a r t i c u l a r h a s been s t u d i e d [ l 0 ] a s a
d-^He s a t e l l i t e b e c a u s e of i t s s m a l l i n h e r e n t s i z e and h i g h g.
This d e s i g n , t e r m e d SAFFIRE, s t r e s s e s t h e f u e l i n g and f u s i o n p r o duct h e a t i n g t e c h n i q u e s t h a t may a c h i e v e s t e a d y - s t a t e FRM o p e r a t i o n without high-energy i n j e c t i o n .
Diamagnetic c u r r e n t s d r i v e n
by i o n - i o n c r o s s - f i e l d d i f f u s i o n have been shown i n c a l c u l a t i o n s
t o s u p p l y most of t h e r e v e r s a l c u r r e n t . O r b i t s of f u s i o n p r o d u c t s
have been t r a c k e d and a s i g n i f i c a n t amount of e n e r g y d e p o s i t i o n
(~50#) i s found t o o c c u r i n t h e c l o s e d f i e l d r e g i o n of t h e FRM ,
d e s p i t e t h e r e l a t i v e l y s m a l l plasma s i z e ( r a d i u s e q u a l t o 5-15 i o n
g y r o r a d i i b a s e d on s t a b i l i t y l i m i t a t i o n s ) . The n e t power p e r c e l l
i s s m a l l ( a b o u t 2MW) b u t a plasma Q v a l u e of about 20 i s a c h i e v e d .
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H o r i z o n t a l s t a c k i n g of i n d i v i d u a l FRM c e l l s can p r o v i d e p l a n t s
w i t h n e t e l e c t r i c o u t p u t i n t h e r a n g e 50-100 MW.
I n a d d i t i o n t o t h e FRM , o t h e r "compact t o r i " a p p r o a c h e s have
been viewed a s c a n d i d a t e s f o r s a t e l l i t e o r s t a n d a l o n e b u r n e r s of
c a t a l y z e d d-d and p - H B f u e l s .
These i n c l u d e t h e F i e l d - R e v e r s e d
T h e t a P i n c h and t h e Spheromak, which l e a d t o t h e l i n e a r - m o d u l a r
concept of a Moving P l a s m o i d R e a c t o r [ 1 1 ] . Due t o f i n i t e g y r o r a d i u s
s t a b i l i t y l i m i t a t i o n s , t h e f i e l d - r e v e r s e d t h e t a pinch version i s
r e s t r i c t e d t o s m a l l powers (~lOMW e ) p e r u n i t .
In c o n t r a s t , t h e
Spheromak, b e i n g g o v e r n e d byMHD t h e o r y , may cover a r a n g e of l a r g e r
s i z e s (100-1000 MW g ).
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DISCUSSION
M.A. ABDOU: You indicated that the BHP is higher for D-D than for D-T but
you emphasized that the results are unique to stainless steel. I would like to point
out that the results have more general implications. The activation of structural
materials withD-Dis generally a factor of 2—3 (on either side) of that with D-T.
A significant fraction of the energy in D-D systems is still released with 14-MeV
neutrons, and the other lower energy neutrons have a higher probability of
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inducing radiative capture reactions which generally lead to the production of
radioisotopes. In view of this, do you think that there are significant advantages
for D-D compared toD-Tfuel from the standpoint of activation?
R.W. CONN: It depends on the material. Some materials have long-term
radioactivity resulting from low-energy neutron capture and that would be
enhanced in self-destructing systems. If the long-term activity comes from highenergy (n,p) or (n,a) reactions, the level would be lowered.
W. BOSTICK: The plasma focus with its copious high-energy (~300 keV)
deuteron ion beams and hot (T e > 5 keV) magnetized juxtaposed plasma targets
is the only fusion machine at present capable of utilizing theD-3He and p- n B fuel
cycles. Even a small-size ( 10-kJ) plasma focus can produce from a deuterium
filling 109D-Dneutrons/ns 1018D-Dneutrons/s, and 105D-Tneutrons/ns or 1014D-T
neutrons/s. Contemporary tokamaks, even with their much larger volumes, are
down by a factor of 108 on this.
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Abstract
STUDIES OF COLD-PLASMA/GAS BLANKETS.
An impermeable cold-plasma/gas blanket may reduce plasma-wall interaction in tokamak
experiments. Sufficient reciprocal shielding is provided when the well-known Lehnert
criterion is fulfilled, i.e. that n L > 3 X 10 18 m - 2 , where n is the local plasma density and L is a
characteristic length in the transition layer. A further advantage of such a blanket is the ready
possibility for fuelling and exhaust of the plasma. — In this paper, experimental and
numerical studies of such cold-plasma/gas blankets will be discussed. The experiments are
performed in RINGBOOG II: a tokamak-like device with B T < 3.2 T, R = 0.56 m, a = 0.08 m,
5 X 10 19 m~ 3 < n e < 3 X 10 21 m - 3 . For the numerical studies a three-fluid steady-state model
(electrons, ions, and atoms) is used. This model can yield either profiles in a cylindrical
geometry, for plasmas with parameters comparable to those of RINGBOOG, or profiles in a
slab which is sustained by heat generated in an adjacent hot plasma, thus simulating the outermost layers of such a plasma.

Introduction : If the dimensions of a magnetically confined plasma are large enough, or if the density is
high enough, a relatively cold layer may develop in
front of the wall. This layer reduces plasma-wall interaction when it fulfills the impermeability criterion, n p L > 3x10 18 m~ 2 , where n p is the plasma density and L is a characteristic length in the layer [ 1],
Such an impermeable cold-plasma/gas blanket can be
divided into two regions: a boundary layer just in
front of the wall and a transition layer towards the
hot main body (Fig. 1 ) .
In the boundary layer the temperature is in the
eV-range; here the atoms (or molecules) coming from
the wall are ionized. In steady state the flux of incoming neutrals, r o , is balanced everywhere by an opposite plasma flux, T e , driven by the density and
temperature gradients. This diffusion of neutrals inwards and of plasma outwards has a large influence
635
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sources
unimportant

FIG.l. Schematic plot of radial
profiles of a steady-state plasma
surrounded by a cold blanket.

on the ionization balance in the boundary layer. The
excited states of the neutral atom play an important
role in this ionization balance; therefore, the influence of the transport processes on the population
of these states has to be considered. This requires
a complete collisional-radiative model for the H-atom.
In the transition layer (T > 10 eV) the neutrals
reach the equilibrium value of the homogeneous steady
state; this implies that the particle sources are negligible and therefore the fluxes vanish. The characteristic lengths in this layer are consequently much
larger than in the boundary layer.
The plasmas studied in the RINGBOOG device are typically those encountered in the boundary layer of a
cold-plasma/gas blanket, so the neutrals are present
throughout the discharge [2]. This gives the opportunity to use hydrogen radiation for diagnostic purposes and to compare the results of the experiments
with those of model calculations.
The model presented below [3] can be used to compute the radial profiles in the experiment. Moreover,
profiles in the boundary layer and in the transition
layer in a slab adjacent to a hot plasma can be treated. The model is based on transport according to an
extension of the Pfirsch-Schlüter theory to higher
collision frequencies [4]; optionally, Bohm diffusion
can be added.
The model for a cold-plasma/gas blanket: The model is
based on a number of assumptions, the more important
of which are :
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a) the temperatures of all species (e = electrons,
i = ions,and o = neutrals) are equal:
T e (r) = T ± (r) = T Q (r)
b) quasi neutrality, n = n.,
c) steady state,
d) all species can be treated as fluids; viscosity
is neglected.
With these assumptions the following set of equations is obtained:
1) the equation of continuity:

vr

= v-r, = s^ = s, = -s^ = -v-r

e
i
e
i
o
o
where the source of charged particles, S e , is computed from the collisional-radiative model for the
ionization and excitation balance of the hydrogen
atom [ 3 ] . In this balance reabsorption of Lyman-a
and Lyman-3 radiation can be accounted for.
2) The pressure balance for the neutral component:
Vp^ = (n +n )(e
+c.)V
^o
e o
eo I O e
with the friction coefficients,
mn

where Q

4
3

= -*- vV

/8kT

m

m

m

n n
•
Q
m +m
mn
m n
is the collision integral.
£

IT

3) The plasma transport equation:
for the flux of charged particles we take
F

e * r i " FHC + a B r B
where T H Q is the flux according to the extension
of the Pfirsch-Schlüter transport theory to higher
collision frequencies [4] and Y the flux according to Bohm transport
with r H C =

(g1VT-2g2Vpe)/g3

TB

= -kTVn e /g 4

gx

=1.5

g~
^2
gy 0
3
g4

(n m / T + n n e
} (1 + 1 . 3 1 q 2 )
e e' e
e o eo7
^
= e 2 n B £ + (n + n )/ (v e
+e.
)g~
e T
e
o
eo
io^2
= 16 e B T .

ekn^BT/a3eTe

=

The multiplication factor a-g is a free parameter.
Rewriting the expression for the total flux into
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an equation for the pressure balance of the electrons yields:
(
=
p

gi94

+

e

a

B n e k g 3 ) V T ~ g3g4re
(g 2 g 4 + a B g 3 )

4) The total energy balance:

V

•KVT + (2.5

with K = K

kT+

E„)

rl

TQ

e

= -Rad + aM E^2

+ a D K D , the coefficient for heat
H o
i
, •
conduction
K -, is the classical value [4,5] including
neutrals
K B = n k/16eB_, the value according to Bohm
transport
Rad are the radiation losses
ONE2

n

Cl

is the ohmic heating

(2.5 _kT + E R ) r e

is the energy transported in
the particle fluxes,where E
is the ionization energy of
the hydrogen atom.

The losses, Rad, are due to hydrogen-line radiation, which can be computed from the collisionalradiative model, and,optionally, to line-radiation
of oxygen. In the latter case the oxygen density
is assumed to be proportional to the plasma density and a coronal ionization equilibrium is taken
[ 6 ] , Then the radiation losses are:
= a n¿P
(T)
ox e ox
In cases where the neutral density is high, reabsorption of hydrogen radiation, especially of the
Lyman-a and the Lyman-3 line may occur. Then the
radiation losses are corrected for the reabsorbed
power, assuming Doppler-broadened line-profiles [3] .

Rad

ox

Two important scaling laws can be obtained. When
a uniform temperature is assumed in the layer where
the neutrals are ionized, and when both the plasma
density at the wall and the neutral density inside
the plasma are taken to be zero, elimination of the
flux from the pressure balance of the neutrals and of
the plasma yields a relation between the neutral density at the wall, n Q W , and the plasma density n p .
In the case of pure highly collisional transport,
this relation is

ow

p
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and in the case of pure Bohm transport
Putting the particle flux in the transition layer
of the blanket equal to zero yields a relation between the density and the temperature in this layer
[ 4 ] . For high values of the safety factor q, highly
collisional transport gives
n T = constant
P
and Bohm transport gives :
n

P

= constant

Experimental approach in the RINGBOQG II device
Experimentally, impermeable cold-plasma/gas blankets are studied in RINGBOOG II, a tokamak-like device with B T < 3.2 T, R = 0.56 m, a = 0.08 m. The discharges are induced by means of an iron core transformer (A$ = 1.2 V . s ) . Secondary loop voltages of a
few kV can be generated for breakdown; up to several
100 V can be maintained for several milliseconds, with
plasma currents usually around 15 kA. Therewith it is
possible to sustain discharges in hydrogen over a
wide range of filling pressures, Pfill ~ 1 0 _ 1 torr
down to below 1 0 - 3 torr, which results in a wide
range of electron densities: n e — 3 x i 0 2 1 m~ 3 to
1 0 1 9 m~ 3 . A variety of plasma parameters has been
measured in the presence of a limiter with a radius
a

lim

=

°- 075

m

[21 •

A survey of measured temperature and density profiles is given in Fig. 2: T| c and n § c are Thomsonscattering data, fn~di
and fn^dl
have been derived
from simultaneously measured H a - and Ho-line intensities, n¿knf has been determined by Abel inversion of
CC>2-laser interferometer data.
Recently, a limiter with a smaller aperture has
been installed: a-^ m = 0.055 m. For filling pressures
down to 3xi0~ 3 torr again broad density profiles are
found, extending beyond the limiter radius, while the
conductivity temperature stays low: T^ <, 10 eV.
Application of the model to RINGBOOG plasmas
The model including only highly collisional transport is applied to RINGBOOG plasmas (cf. Fig. 2 ) .
Firstly, computed n e - and T e -profiles are compared
with experimental data (i). Secondly, the influence of
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FIG.3. Computed and experimental temperature profiles for a RINGBOOG discharge with
ne(0)**3X
1020 m~ 3 and T(0) « 6 e V (see Fig.2c).
a) a o x =2.51 X 10~2; n0fO) = 1.7X 1016 m - 3 ;
b) aox = 2.49 X 10~2; n0(0) = 8.6 X 1016 m~3.
c) pure hydrogen plasma.
• experimental points.

oxygen contamination on the computed profiles is investigated since it was tentatively assumed that impurity
line radiation caused the pronounced broadening of the
experimental profiles (ii). Finally, the measured T e profiles are introduced into the code to compute the
ne-profiles as well as the profiles of J*n3d£ and /n4d£
of excited atoms. The profiles depend on the neutral
density near the wall, n Q W . The best fit of the computed
and observed profiles yields an estimate of n o w (iii).
i) The equations are solved in an iterative way with
the toroidal electric field, E, as an eigenvalue.
Apart from the boundary conditions due to the cylindrical geometry, the temperature on axis as well
as the temperature, the neutral density, and the
electron density at the wall are given. The iteration is started with a trial temperature profile.
Comparison of the profiles thus computed for a pure
hydrogen plasma with the measured ones shows that
the computed profiles (Fig. 3, curve c) are much
too narrow (cf. Fig. 2c) and require far less ohmic
input (0.2 MW) than found experimentally (1.5 M W ) .
ii) It was suspected that impurity radiation could cause
the broadening of the temperature profile at the observed low temperatures. Therefore, oxygen, which
was shown to be present, was included in the model.
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In order to get as close to the experimental data
as possible, the equations were solved by integration from the axis outwards, taking the measured
electric field strength and starting with a given
temperature, neutral and electron densities on axis.
Reabsorption of radiation was not taken into account
because of the low neutral density.
Curves a and b of Fig. 3 are computed with the addition of oxygen. The oxygen concentration is chosen
such that the ohmic input is just balanced by radiation and convection losses, so there is no power
left for heat conduction. The difference between
the two curves is caused by the choice of the (unknown) neutral density, which leads to different
particle fluxes and convection losses.
iii) Because of this difficulty we tried still another
approach. The energy balance equation is not solved
and, instead, the measured-symmetrized-temperature
profile is introduced into the code. This approach
yields the density profiles for chosen values of
the neutral pressure at the wall, p 0 w B y a Proper
choice of p o w we can match the computed electron
density profile with the measured values. Additional information on the particle balance is provided
by the measured intensities of the H a - and Hg-radiation. The line integrals, /n3d£ and fn^dZ,
deduced
from these intensities can also be compared with
computed values. Results are presented in figure 4
for discharges with n g ^ x i o 2 0 m~ 3 and n g ^ l O 2 1 m - 3
(cf. Figs. 2 c,b). In these cases the temperature profile is based on the experimental points and on an
estimated temperature of less than 2 eV just in
front of the wall. This value, an upper limit, is
found by balancing black body radiation at the Ly-a
frequency and the ohmic power input. This argument
is valid since discharges with P f m > 5 mtorr are
found to be optically thick for Ly-a radiation [2 ] .
We found that small variations in the temperature
profile do not cause important changes in the computed density profiles for the cases shown.
In the case where n e « 1 0 2 1 m~ 3 there is good agreement between the measured and the computed profiles
of n e and /n3d& for p o w % 5 0 Nm~ 2 (Fig. 4 b ) ; the measured profile of /n4d£ is higher than the computed
one.
For discharges with n g ^ ^ x l O 2 0 m" 3 there is less
agreement (Fig. 4 a ) ; the neutral wall pressure,
Pow ^ 3 Î3ra-2 / required to obtain agreement for the
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FIG.4. Experimental temperature profile and the computed profiles of « e , /n 3 d2 and
/n 4 d£ compared with the experimental data (*•, o, •).
a) Pfjii= 7 m ton; b) pm— 18 mtorr.
pow value of the neutral pressure near the wall (N-m~ ).
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n e -profile, results in too low an /r^cU -profile, for
which p o w ^ 1 0 Nm" 2 would be preferred. For agreement
between the /^dJl-profiles p o w should even be somewhat higher.
At still lower densities the discharge is no longer
optically thick for Ly-a radiation, so the estimate
of the temperature in front of the wall becomes
more arbitrary. Some attempts to use the procedure
followed above for discharges with n e ^ 1 0 2 0 m~ 3 did
not yield satisfactory results. The poorer agreement at lower densities may be caused by the fact
that the discharge becomes more permeable for neutrals, which implies that the fluid description for
this component breaks down.
Attempts to apply our procedure to still higher
density cases, P f i n ^ 7 0 mtorr, showed disagreement
in shape between the measured and the calculated
- hollow - density profiles. This is not yet understood. Further studies are in progress.
It is clear that the temperature profiles found in
RINGBOOG II cannot be described by the model for pure
hydrogen. When a small amount of oxygen is taken into
account it has been shown that, even for the observed
low temperatures, the computed profiles agree fairly
well with the measured ones. Introduction of the measured temperature profiles into the model, with highly
collisional transport, yields predictions for the
neutral pressure near the wall, p o w . Within the limitations mentioned, the fitting of the computed profiles
of either n or /n3d£ with the measured ones leads, to
consistent values for p o w within a factor 3, for impermeable plasmas with n g ^ S x l O 2 0 m - 3 to n g ^ l O 2 1 m~ 3 .
Application of the model to a slab facing a hot plasma
The model can also be used to simulate the cold
plasma layers adjacent to a hot plasma. It is assumed
that there is no ohmic heating and no reabsorption of
radiation in the blanket. The blanket is sustained by
a heat flux that enters through the boundary between
the blanket and the hot main body (Fig. 1 ) . The equations are solved in a slab geometry.
The energy balance is split into two first-order
equations, and the resulting system of nonlinear equations is integrated from the wall inwards. The boundary values specified at the wall are the temperature
T w , the densities, n Q W and n
, the particle flux, r e ,
and the non-radiative energy flux,Q = -xVT+ (2.5kT+EH)Te.
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Since the solutions have to satisfy r e * 0 in the
transition layer, an iterative procedure is required
to obtain the correct value of T e at the wall.
Some profiles are shown in Figs. 5 and 6; the two
sets of profiles differ in the value of the non-radiative flux Q. The profiles of Fig. 5 apply to cases
where almost all sustaining power is radiated away;
in the cases of Fig. 6 a substantial part is transported to the wall as a non-radiative flux. The addition of oxygen leads to lower blanket widths, but of
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course also to larger power losses, and t consequently,
larger heat fluxes are required to sustain the blanket
The addition of Bohm transport has the strongest i n fluence in the transition layer: the density profile
is flattened and the coefficient for heat conduction
is increased. This leads to blankets with much larger
widths than in the pure highly collisional case.
Once the profiles have been obtained, the integral
/n e dx over the blanket up to a specified isothermal
(T = 1 0 6 K) as well as the sustaining heat flux at
this isothermal are calculated. Plotting the maximum
plasma density and /n e dx vs the sustaining heat flux,
we find the region where impermeable blankets can
exist. The boundaries of this region are given by the
impermeability criterion /n e dx > 3 x 1 o 1 8 m - 2 and by
the limit where the total heat flux is radiated away.
In Fig. 7 this region is shown for different values
of additional Bohm diffusion, ag, and oxygen contamination, a o x . It appears that the addition of oxygen
in combination with a fast transport mechanism shifts
the region where impermeable cold-plasma/gas blankets
can exist to technically acceptable values of
Q ( ~ 1 0 6 W m ~ 2 ) and n e (~ few 1 0 2 0 m - 3 ) .
20

r a d . limit
e ,max

10 -

2 "

/ n 0 dx =
3«1018m"2

10'

/
10 :
•*•

10*
6

Q at T = 1 0 K

10'
-2

CUJ-m )

FIG. 7. Existence regions for impermeable cold-plasma ¡gas blankets with BT — 3 T and q = 3.
Full lines: a f i = 0, a o x == 0;
Dashed lines: a B = 1, a o x = 1%.
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DISCUSSION

S. MERCURIO: Do you have any experimental evidence of high fluctuation
levels in the plasma blanket?
W.J. GOEDHEER: No, we have not observed any high fluctuations.
S. MERCURIO: Is the physical situation in the plasma blanket similar to that
in the plasma boundary of gas-puffing-filled tokamaks?
W.J. GOEDHEER: We do not know yet, but we plan to try gas puffing in
Ringboog II in order to compare the two cases.
B. LEHNERT (Chairman): Are your existence limits associated with the
asymptotic cases where the thickness of the partially ionized boundary layer tends
to 'zero' and 'finity'? .
W.J. GOEDHEER: The impermeability limit /n e dx < 3 X 1018irT2 indeed
occurs at values of <p where the blanket width shrinks in inverse proportions to
the sustaining heat flux. In the 'radiation-limit' case, the blanket still has a finite
width. A heat flux on the left-hand side of this limit would correspond to an
inversion of the temperature gradient.
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RADIO-FREQUENCY FLUX CONTROL (RFFC)
OF TOROIDAL PLASMAS
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Japan Atomic Energy Research Institute,
Tokai, Ibaraki
Japan

Abstract
RADIO-FREQUENCY FLUX CONTROL (RFFC) OF TOROIDAL PLASMAS.
A method of controlling cross-field plasma fluxes by using RF waves is presented. An RF
field with co > co* with a momentum density in the direction of the electron diamagnetic
drift can reduce plasma losses when the wave is efficiently absorbed by electrons. — This RFFC
scheme is shown to be useful by applying it to the shear Alfvén mode in a cylindrical tokamak
and by solving the propagation equation. The induced inward fluxes are calculated and an
appreciable reduction of anomalous losses is found to be achieved by application of RF power
of the order of the Ohmic power. — The steady-state operation with the inclusion of RF
current drive and heating as well as RFFC is analysed, and a considerable improvement in the
plasma parameters is demonstrated. For a reactor plasma, the reduction of the critical nr
value needed to reach break-even is estimated.

1.

INTRODUCTION

To achieve controlled thermonuclear fusion in magnetic confinement
devices, anomalous losses of plasma particles, momentum and energy must be
controlled. To this end, we have proposed the radio-frequency flux control (RFFC)
scheme [1,2], which can reduce the cross-field plasma losses by supplying
external perpendicular RF wave momentum.
RF waves have been applied to plasma heating (RFH) and as current drive
(RFCD) in steady-state operation. We study the energy and momentum balances
in the presence of RF waves and illustrate the improvement of confinement by
combining RFH, RFCD and RFFC. We show that the reduction of the plasma
loss by using RFFC relaxes the critical nr value needed to achieve the break-even.
In the following, we shall briefly set forth the principle of RFFC and analyse
wave accessibility and propagation, by applying the RFFC scheme to shear Alfvén
waves. We shall solve the wave equation and calculate the induced inward fluxes.
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Then we shall investigate stationary-state operation by taking RFH, RFCD and
RFFC into account and demonstrate an improvement of plasma parameters,
owing to 1) the reduction of plasma losses (RFFC) and 2) the saving of voltseconds (RFCD). We shall, furthermore, consider reactor-grade operation and
show that RFFC contributes to relaxing the break-even requirements. Some
discussion and aspects of various applications of this concept will also be presented.
2.

PRINCIPLE OF RFFC

The mechanism of RFFC is to induce an inward electron flux by supplying
RF momentum, perpendicular to the main magnetic field in the z-direction, via
wave-particle interaction. When electrons absorb the external RF wave so as
to relieve momentum in the direction of the diamagnetic drift (y-direction where
Vn/n cc x holds), their F X B drift motion, as a whole, is opposite to the — Vn
direction. The ions follow the electrons, owing to their polarization drift which
maintains the ambipolarity [3].
The basic equations we use here are 'fluid-like' equations [1,4], deduced
from the kinetic equations in the presence of electromagnetic oscillations
(a; < oj ce , where coce is the electron cyclotron frequency), which include
fluctuations and applied RF waves. The momentum and energy balance equations
for electrons are:
9V.
n-J- +
dt

r

9V.
_^L
x3x

-,

+

9P •
T+ +
_ j y _ + _Ë_(x t + -rxB) .
me dx
me
c
j

JL_

= - - £ - < ( flE + é-rx B ) >
"10

v»

(j = x , y , z )

Kl)

J

( j = x , y , z ) , where T=nV, P ^ ^ / (v^V^^) (v - V . ) f d ^ ,
Quk-f^-v'iXvj-VjXv^V^f^,

Q x =(2T i + T ( f )P x + Í Q x j j .

The y-component of Eq.(l) gives the cross-field particle fluxes as r =£<(ñE+ — TXB) >,
x B
c
y
and the z-component governs the evolution of the parallel-current density in the
presence of oscillations. Using the above formula, we have calculated anomalous
fluxes of finite-/? plasma with density and current inhomogeneities, including the
magneto-sonic component up to the order of j8 (plasma pressure/magnetic
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pressure)[l, 2, 5]. Here, we neglect the sonic contribution, but include the effect
of VT e on both the electron particle flux, r x e , and the heat flux in the laboratory
frame, i.e.

r
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%e - ¿
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m

V -

m

;

u)
e^ "

ut

U)2

+ 2T
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xl

where II and 1 denote the parallel and perpendicular components,

n

= (y T /T )

6
6
/ ( v n / n ) , w« =tck
y cT
e /eB.v e=T/m
s e, u = - uJ n / n e ; the rest of the notation is standard,
Equations (3) and (4) indicate that the particle and heat fluxes are proportional
to the rate of wave-particle momentum exchange via Landau resonance. The
last term of Eq.(4) is always positive (outward for r¡ > O), regardless of the sign
of T x e , since R < 0. Defining Q x e to be given by C(7?)T e r xe , we can, however,
choose the RF wave so that C(r}) > 0. Then we can induce the inward particle
and heat fluxes.
2.

3.

/

APPLICATION TO THE ALFVEN WAVE

To realize RFFC, we should examine various kinetic RF waves to find the
optimum conditions for parameters such as input power, frequency ranges and
wave numbers. We here examine an EM low-frequency wave, applying the RFFC
scheme to the shear Alfvén wave, whose rational surface, r s , is located inside the
plasma column. We consider stationary RF supply; the equations describing
propagation are the same as those for the drift-tearing and EM-drift waves
(fort><co)[6]:
[ p

ir dTrdF " b

1[

i

p2i
M

j

j

]tj)

~ Z ^ qzcy
"W+

{

* + k^c" *

}

(5)

2

d d _ b _ 3M .
* ]„, = g £ r f J t t - ^ + -M-^
ir d r d r
x k„c2 * p i c g k „ c l v
k„cT

}

(6)

((J) = rE , tfp r B r , k = m / r , Ç= c o / A | k „ | v T ,

3 i = z >Tm 0 T i /B 2 ,
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ANTENNA

(a)

\
p. n, J

*

PLASMA

CONDUCTING
WALL

i

FIG.l. a) Configuration of plasma, antenna and a wall. The RFwave is excited by an
oscillating current at the antenna; b) radial profile of \J/ for parameters m = 3, n~ 1,
co = i.5w„ q(0) = 1.59, q(a) = 3.7, B = 4T, R = 2 m, a = 50 cm, Te = 4keV,Ti = 2 keV,
T?e = 0.5, T?J = 0 and ñ = 2.5 X 1014 cm~3. Induced fluxes Tx (dashed line) and Qx (solid line)
are also shown for the cases ofco= 1.5 co, and co = 0.95 co„.

the rest of the notation being standard), where we neglect toroidal effects,
permitting further analyses to be carried out.
We launch the wave by an antenna at r = d with the current 1^, outside the
plasma column (radius a), which is surrounded by a perfectly conducting cylinder
(r = b, a < d < b). We simulate it by placing the oscillating current sheet (see
Fig. 1 a) given as J
c

= J ^ ( o , r /Rq, 1) *exp(im0-inz/R-ia)t), where

j - r* i ê— A-iu _
The wave propagates
^r=dandIh=2TT/rdrJh.
h 4TT m r dr dr
into the plasma, and kinetic interactions can no longer be ignored near the mode
rational surface, i.e.|k„Vj:/w\<1. In the region | k „ v . / t o | < 1 , the wave
becomes a kinetic-drift/Alfvén-mode-exciting, out-going [5] drift mode. Because
of ion Landau damping, incoming drift waves are suppressed, which is a consequence
of the boundary condition at r = 0. Imposing these boundary conditions we solve
the propagation equations, dividing the plasma column into MHD and kinetic
regions [5], The radial wave structure for the parameters OJ = 1.5a?*, m^ 3,
n = 1, a/pj = 450, r¡e = 0.5,7?¿ = 0 and induced fluxes for the cases of <o ^ o>*
are shown in Fig. lb. We are aware of wave accessibility and see that a controllable
flux can be induced by RF waves at arbitrary magnetic surfaces.
Let us note that the sign of the induced flux depends on the phase difference
between \p and i//' == di///dr at the plasma edge, i.e. impedance matching dictates
the absorption rate of the RF field. This fact is directly related to the power factor,
the efficiency of the RF waves, which is the ratio of the absorbed power to the
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applied |E h ||I h | as defined by
j" <JÈ>

-^o

plasma
[(I„a?HRe«4^{ém+&m?

(l+ReaA)J# 2 {4) 2m -(J) 2m } (1+XA)]2]^
(7)

where a is related to the impedance and defined by oe= —ip' ( a ) / ^ ( a ) ,
ra-1, •, / ,vin-l-

x=-j{ip'(d+o)/iKd)} - {(d/br^+cb/dr^vi (b/d)-(d/b)m}
andA={ ( d / a ) m - ( a / d ) m } / { ( d / a ) i n + ( a / d ) m } . The bracket < > stands for the
time average.

FIG.2. Dependence of a on external
wave frequency co normalized to w»,
w/co», for the case ofr)Q = 0. The other
parameters are the same as those in Fig.lb).

On the other hand, a is a function of gross plasma equilibrium parameters
as well as of applied-RF parameters, such that a (to/u)*, m, n , n ( r ) , T ( r ) ,
T . ( r ) , •••)«
Therefore, we must, depending on the plasma parameters,
choose an RF wave that has a high absorption rate. An example of a(co), though
not optimized, is shown in Fig.2. More detailed calculations and numerical
procedures will be reported elsewhere.

4.

STATIONARY STATE IN THE PRESENCE OF RFFC

Here, we discuss stationary-state operation with RF supply, taking momentum
and energy balances correctly into account. RFFC scheme is directly based on
the momentum balance in the direction of the diamagnetic drift as given by Eq.(l).

654

INOUE and ITOH

When we consider a cylindrical plasma, the poloidal (perpendicular) momentum
supply reduces the radial particle fluxes. On the other hand, the z-component
(parallel) of the momentum balance of Eq.(l ) expresses the current drive for
steady-state operation. Neglecting the small contribution, we have
(8)

qnV = ^ £ [ E + - <(HE + - fxB) > ]
^ z m v z n
c
z

which shows the balance between the RF current drive (RFCD), electric field for
Ohmic heating (E z ), and the collisional drag. Imposing the constraint that the
parallel current density be constant, i.e.
k
J n = -neV = o- [ E
r-5- T
o
z u c z n c k x

1 =const.= a E0
c°

(9)

y

(a c is the classical conductivity, ne 2 /m^), we can increase the duration time of
the plasma discharge by reducing the one-turn voltage from E 0 to E z . We also
consider heating efficiency and loss reduction associated with the RFFC scheme.
The energy loss dQ /dx+P^dCr / n ) / d x in Eq.(2) is re-written as nT/reff. We
have two contributions to nT/reff : one due to anomalous electron loss,
n
T/7"anomalous' a n d the other one the contribution made by RFFC, nT/rRpp C .
The energy balance equation can be re-written as
S3L_ .
eff

»T
. _^I_ .
l
anomalous
RFFC

q

J•*

&

+

(10)

where JLE (=U_„) is the m = n = 0 component of the input power per volume,
Z * *
i.e. the ordinary Ohmic heating and q., ._« <T • E > (=U ) denotes RF heating
vLxv

related to the induced inward flux, T

RF

, by U - = - j j " <r

T . Without

RFFC, Eq.( 10) reduces to nT/T

,
=A TT .
anomalous OH
The reduction of the one-turn voltage can be expressed, from Eq.(9), as

E

z

= E

[k„u] .
.
o{l --1^URF/U0H}

(ID

where [k||u] is the averaged value over the plasma column, and E0 is the initial
voltage. The right-hand side of Eq.(lO) and nT/r a n o m a l o u s can be expressed in
terms of Ú 0 H and Ú R F .
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To estimate the effective confinement time, r eff , and the improvement of
plasma parameters, nT, ... , effected by RFFC, let us write the r R F F C in terms
of r x . We first demonstrate these quantities for the present experimental-grade
machine and then discuss them under reactor conditions.
i)

Experimental grade

We consider the case where C(n) (=Q lT$ ) can be chosen positive, from
the wave-launching condition. Estimating the reduction of loss to be given by
nT/T
==| (C+l)KïT R F j and substituting this value into Eq.(lO), we
RFFC
"""
RFFC
obtain [7]
T

eff »

T

anom«ïo». /

{1

" ^<C+1> 3 ^ }
OH

°2)

We see that an appreciable improvement in the containment time is achieved
when we apply an RF power that is comparable to the Ohmic power. The
improvement of the plasma parameter, (nT) R F , due to RFFC, is also estimated
to be
[k„u]
(nT)

RF

<nT>0H

1 +

(1

^ - -^-)URF/UOH

(13)

" ^<C+1>VV

This improvement is due to 1) the extension of the confinement time (Eq.(12))
and 2) the reduction of the one-turn voltage (Eq.(l 1)).
ii)

Reactor grade

Let us now discuss to what extent we can reduce nr for break-even when
RFFC and RFCD are applied. In reactor conditions, we consider the case
where the current is primarily driven by the RF field, E z = 0 in Eq.(9). We have
the relation J =-a Bk T /nek . The reduction of the plasma loss by
o
c
z x
y
£
*
use of RFFC is calculated to be 1 / T R F F C = | fc+1) —• ^

7 ^ J01 .

In a reactor, the fusion reaction input, Û f u s i o n , almost balances the losses, i.e.
1_
nl(—
T

anomalous
-

_ J_1_
^
T

) = ú
RFFC
T>vvr

R

+

H

ú

sú
fusion

fusion
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Substituting the value

nx

1/T" RFFC

we obtain the critical loss condition for break-even:
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Employing [nr] L a w s o n = 2 X 1014 (cm -3 - s), we obtain
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The reduction of the plasma losses, consequently, relaxes the critical condition
for break-even allowing, therefore, an easier access to the fusion regime.

5.

CONCLUSIONS AND DISCUSSION

Summarizing, we may state that we have the possibility of improving the
plasma parameters by a reduction of losses (RFFC) and by saving volt-seconds
through current drive (RFCD), together with heating (RFH). To optimize the
confinement, we have to choose appropriate launching conditions, which will,
however, require further analysis.
We have applied RFFC to an Alfvén wave; many other ways of choosing
RF waves are, however, possible for this combined scheme. In addition, one
may find it possible to do a selective flux control, utilizing different responses
to the RF wave, such as impurity control, ash exhausting as well as a selective
choice of different temperature components of the same species. Furthermore,
RFFC can be used to suppress the MHD-tearing mode when an inward plasma
flow around the rational surface of the tearing mode is induced [8].
This RFFC scheme is applicable to various magnetic confinement systems, —
not only in toroidal devices but also in other geometries. The external
momentum can be supplied by other mechanisms, i.e. by particle beams or flows.
Although the amplitude of the wave'necessary for the RFFC scheme is low,
non-linear problems are important and should be analysed in future papers.
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DISCUSSION
E. LAZZARO: Your calculation scheme for particles and heat fluxes induced
by the applied RF waves seems to be based on a WKB approach. Have you
checked that this is valid for the Alfvén waves you consider?
S. INOUE: Our approach is to use the Vlasov-Maxwell equations for a
cylindrical current-carrying plasma and solve the full kinetic equations in the
radial direction numerically in order to obtain the mode structure.
L. CHEN: I have two questions. First, what is the physical transport model
on which your scheme is based? Second, can you comment on the possible role,
if any, of non-linear effects?
S. INOUE: Our scheme is based on a quasi-linear transport model. As to
nón-línear effects, I can only say that this problem still requires further analysis.
T. CONSOLI: Is your calculation self-consistent? When you monitor
the particle flux, you cannot avoid heating the plasma. Have you taken this
effect into account?
S. INOUE: Our calculations are not yet self-consistent since we assume
given plasma parameter profiles.
G.H. WOLF: As I understand it, your scheme is not just a simple RF-heating
arrangement where you put power into the plasma in order to compensate for the
losses. Instead, you attempt to reduce the power losses from the plasma by means
of specific RF fields; this means that the RF power required has to be smaller
than the power losses you are reducing. We can thus introduce an efficiency
defined as the ratio of the power required to operate your scheme to that power
fraction which is not lost from the plasma as a result of the application of your
scheme. I would like to ask if you have any estimate of this efficiency?
S. INOUE: We are currently working on this problem.
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Abstract
HIGH-TEMPERATURE PLASMA PRODUCTION THROUGH THE INTERACTION OF
COUNTER-STREAMING PLASMAS IN A LONGITUDINAL MAGNETIC FIELD.
Plasma jets with a density of 10 1S c m - 3 and a directed velocity of up to 8 X 10 7 c m s - 1
are produced by MK-200 plasma guns in a longitudinal magnetic field. The jets are completely
detached from the walls. Such plasma jets are effectively transported over a distance of up to
10 m. At 5 m from the guns, the jet energy is found to be 25 kJ, i.e. 18% of the total energy
stored in the capacitor bank. Complete thermalization of the directed jet energy is observed
in collisions between counter-streaming deuterium plasmas in a homogeneous longitudinal
magnetic field. Hot deuterium plasma with a density of n = 10 1S c m - 3 , an ion temperature of
T¡ = 2 + 3 keV and with a total energy of 50 kJ is produced. Transverse plasma thermalization
is achieved at a magnetic field strength of Ho > 6,4 kG. The plasma life-time is 10—15 /-is,
i.e. the time of longitudinal thermal expansion. The hot-plasma production is accompanied by
intense neutron radiation. A maximum neutron yield of 4 X 10 9 neutrons per shot is
registered. — The results obtained show that the mechanism of interaction is non-Coulomb
in nature and can be explained adequately if it is assumed the a fire-hose instability develops
in the collision of the jets in the magnetic field.

Complete energy thermalization of directed plasma jets is desirable if a
plasma gun is used to fill a fusion device. One of the simplest methods of
thermalization is by means of collisions between counter-streaming plasmas.
The plasma jet parameters should satisfy the condition X < £, where X is the
ion slowing-down length and £ the plasma jet length. In some previously
published papers [1,2], the interaction mechanism between two counterstreaming plasmas has been assumed to be Coulomb in nature.
Deuterium jets with a kinetic energy of 10 keV are necessary to fill open
magnetic traps. The deuteron mean free path exceeds the length of a jet at such
an energy, in a wide range of densities from 10 18 cm - 3 , when the jet length is
about 1 m. The Coulomb mechanism of slowing-down counter-streaming plasma
659
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jets and the possibilities of their thermalization with energies of 5—10 keV and
densities of (0.5—2) X 101S cm" 3 in their collisions have been studied. Plasma
jets 2 - 3 m long produced by MK-200 guns [3] were made to collide at a
distance of 5 m from the guns in the homogeneous magnetic field those strength
was varied from zero up to 9.6 kG. The energy of the guided plasma jets was
varied from 10 to 25 kJ with a range of velocity from 3 to 8 X 107 cm-s" 1 , by
modifying the operating conditions of the guns. The transport of a plasma jet
over a distance of up to 10 m in a longitudinal magnetic field, the interaction
between the deuterium jets and the interaction between deuterium and
hydrogen jets were also studied.
The plasma jet interaction studies were carried out at the 2-MK-200
experimental device which consists of two MK-200 guns that are placed at a
distance of 10 m opposite each other. The gun chambers were joined by a
thin-walled metallic drift tube with a diameter of 30 cm. Its walls were of 2 mm
thick stainless steel. A quasi-stationary homogeneous longitudinal magnetic
field was produced by multi-turn solenoids placed around the tube. The guns
were fed from a 710-mF capacitor bank. The operating voltage varied from
13 to 25 kV, corresponding to a variation from 60 to 220 kJ in the energy stored
in the bank. The gun electrode system includes a solid conical internal electrode
with apertures for puffing gas into an inter-electrode gap and an external
electrode consisting of 24 copper rods with a diameter of 10 mm each. The
electrode system from the gas admission apertures for puffing gas up to the
muzzle is 400 mm long. The diameters of the external and of the internal
electrodes near the gas admission apertures are 300 and 220 mm, respectively.
The initial pressure in the system is 10~5 torr.
Various diagnostic tools have been used to measure the plasma parameters
and to control the guns: magnetic probes to measure the magnetic field strength
in the space between plasma and tube wall, laser interferometry, a neutron-yield
detector, calorimeters to measure the kinetic energy of the jets and the heat
transfer to the wall, spectroscopy of hydrogen lines, and ruby laser for Thomsonscattering measurements. The magnetic field was measured along the drift-tube
at many points while the other parameters were only measured in the central
area at a distance of 5 m from the guns. The operating conditions of the guns
were made identical by varying the time lag between the moments when a valve
responsible' for gas puffing into the inter-electrode gap is triggered and the voltage
is applied to the electrodes of each gun.
The plasma jet velocity was varied by changing the operating voltage (U 0 )
applied to the gun. The dependence of the plasma-jet leading edge on U0 is
shown in Fig. 1. The velocity of the plasma jet decreases smoothly three to
four times along its path. This makes the jet longer in its transport along the
field. The longitudinal spread leads to a considerable drop in the linear jet
density (i.e. the number of particles per unit of length). The longitudinal jet
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velocity spread, vs = (v m a x - v m in)/2, exceeds the thermal velocity and seems
to depend on the plasma acceleration process in the injector for all operating
conditions of the gun. The measurements have shown that, with varying
gun-operating voltage, also some other parameters of the plasma jet, i.e. density,
ion and electron temperatures and |3= 87rp/B2, are changed. As a result of
plasma transport studies, the existence of two different operating conditions
of the gun has been suggested.
The leading-edge velocity of a plasma jet is 3 X 107 cm-s - 1 , when
U0 = 13 kV. The current and voltage oscillograms in these operating conditions
of the injectors are the ordinary ones. Measurements of the kinetic-energy
distribution across the tube at a distance of 5 m from the guns show that the
plasma occupies virtually the entire cross-section of the tube, independent of
the guiding-magnetic-field strength in these conditions. This fact supports the
conclusion that there is fast diffusion of the magnetic field into the plasma jet
during the transport or fast plasma magnetization when it enters the magnetic
field. The measurements show that the electron temperature does not exceed
1 —2 eV in these operating conditions. At this electron temperature, the
diffusion time, r = R247rÔ/c2, is comparable with the time of flight within the
magnetic field, and the fast plasma-jet magnetization can be explained by
classical diffusion of the magnetic field into the jet during its transport within
the longitudinal field. Plasma-jet density measurements carried out with an
optical interferometer and by the Thomson-scattering technique have independently
yielded the similar result: n = 2 X 1015 cm - 3 . The linear density of the plasma
jet is about 1018 cm - 1 . A rapid rise in the ion temperature is observed when
the operating voltage applied to the injector increases. Plasma emits neutrons
during its flightJn the homogeneous magnetic field. A total neutron yield of
107 neutrons has been measured during the time of flight, r = 10 ;us, at
U0 = 20 kV and H 0 = 8 kG. The ion temperature has been found to be
Tj = 1 keV, according to the neutron yield.
The sharp rise in the ion temperature seems to be due to the fast radial
plasma velocity at high operating voltages applied to the injector. Conversion
of radial kinetic energy into heat takes place when the plasma enters the strong
longitudinal magnetic field, with the ions being heated up. The electron
temperature in the central area has been measured and, in these operating
conditions, found to be 5—10 eV. The great difference in the electron and ion
temperatures indicates that there are powerful mechanisms of electron cooling.
In this case, substantial ion cooling is expected, because of energy transfer from
the ions to the electrons via Coulomb collisions. The time necessary for ion
cooling is comparable with the time of flight in the magnetic field, for given
plasma parameters, and considerable changes in the ion temperature are expected
during the process of transport. No direct measurements of the ion temperature
as a function of the distance from the gun have been carried out so far.
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FIG.5. Neutron yield as a function of U0.

The kinetic-energy distribution across a jet shows that the jet radius
decreases with increasing magnetic field. The measured diameter of the plasma
configuration is in good agreement with the calculated value. The calculations
are based on the magnetic-field rise in the gap between plasma and drift-tube
wall in comparison with the initial field, on the assumption that the magnetic
field is completely expelled by the plasma. This indicates that magnetization of
the jet during its flight along the field does not occur at high gun-operating
voltages. We have succeeded in producing jets that are completely detached
from the drift-tube Walls at a field strength of H 0 > 3.2 kG. The plasma density
obtained from the pressure balance, n = (1—2) X 1015 cm - 3 , is in good agreement
with the experimental value as measured by laser scattering.
Plasma transport efficiency studies have also been carried out. The result
is shown in Fig. 2. The energy of the plasma jets depends on the longitudinalmagnetic-field strength; it equals 25 kJ, i.e. 18% of the stored energy at a
distance of 5 m from the gun when U0 = 20 kV and H 0 = 9.6 kG; a drop in
transport efficiency with decreasing field strength is provided by the energy loss
across the field towards the wall. The dependence of the heat flux to the wall
on the magnetic-field strength is shown in Fig. 2.
Both buns are triggered simultaneously, and the collision of the jets occurs
at a distance of 5 m from each gun in these experiments with counter-streaming
plasmas. The arrival of the jets in the central area is controlled by signals from
magnetic probes placed symmetrically around the central plane in the experimental
device. Discovery of a strong interaction between the counter-streaming plasmas
and of complete energy thermalization in the colliding jets are the main results
of this experimental study. The production of hot plasma is accompanied by
intense neutron radiation, when the operating voltage applied to the guns is
U0 > 15 kV. The maximum magnetic-field strength in the space between
plasma and wall and the neutron yield versus distance from the plane where the
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collision occurs are shown in Fig.3. We see that the increase in the field strength,
AH = H-H 0 , is 2.4 kG, i.e. five to six times greater than AH, dependent on a
separate plasma jet when H 0 = 8 kG and U0 = 25 kV. The maximum neutron
yield is recorded in the plane where the collision occurs. At a distance of
60—80 cm from the central plane, the signals from magnetic probes and neutron
radiation are reduced to half of the value. This indicates that the region filled
with hot plasma is no longer than 2 m. A rise in the external-field strength
indicates that the diameter of the plasma jet becomes four to five times as
large after the collision. In the collision, the density becomes four times as high,
and the radial spread makes it drop and become 1.5—2 times lower than the
density of the colliding jets. From the pressure balance equation, it follows
that the plasma temperature rises by a factor of three to four times and equals
T e + Tj = 3 - 4 keV, when U0 = 20 kV and H 0 = 6.4 kG. Measurement of the
ion temperature from the broadening of the spectral line D¿¡ shows that, at
an instant of time corresponding to the leading edge of the signal from the
magnetic probe, T¡ attains a value of 8 keV after which it drops to 3 keV within
1 —2 jus. We note that the spectral-line profile is triangular, which indicates
that the transverse ion energy distribution function differs from a Maxwellian one.
The high radiation intensity of the plasma does not allow direct measurement
of T e by the laser scattering technique. The electron temperature seems, however,
to be considerably lower than the ion temperature because the ions are heated up
during the impact and transfer energy to electrons via Coulomb collisions. The
time necessary for the energy transfer is longer than the collision time.
The life-time of hot plasma as measured by the duration of neutron radiation
depends on the longitudinal-magnetic-field strength and equals 10-15 //s when
H 0 > 6.4 kG, which is the time taken for longitudinal spread at thermal velocities.
The decrease in life-time with decreasing magnetic-field strength depends on the
plasma energy losses to the wall across the field. The dependence of heat flux
on the magnetic-field strength at U0 = 20 kV is shown in Fig. 4. The initial rise
in the heat flux is due to the energy gain with increasing guiding-field strength.
The total neutron radiation yield also depends on the magnetic-field
strength. The neutron-yield increases from 108 to 4 X 109 neutrons/shot when
the magnetic field changes from 1.6 to 9.6 kG at a gun voltage of U0 = 25 kV.
The rise in the neutron radiation depends on the energy gain in the jets as well
as on the life-time of the hot plasma, which becomes longer with increasing H 0 .
The neutron yield versus voltage applied to the gun is shown in Fig. 5 at
H0 = 8 kG. A comparison of the experimental results with neutron-yield
computations based on the measurement of the ion temperature shows that the
neutron yield as measured experimentally at U0 = 20 kV is higher than the
calculated value by an order of magnitude (on the assumption of a Maxwellian
ion energy distribution).
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Some experiments with deuterium and hydrogen counter-jets at
U0 = 20 kV and H 0 = 6.4 kG have been carried out to study the interaction
of these jets. The neutron yield is lower, by a factor of 30, than the previous
value, under the same operating conditions.
The experimental results show that the relaxation length in the plasma
jets is shorter than the slowing-down length, which is determined by Coulomb
collisions and the interaction between the hypersonic plasmas is turbulent
in nature. In the experiments, the following conditions were fulfilled:
v > cs

and v > c^

where

and v is the plasma jet velocity. In this case, the most appropriate mechanism
for describing the anomalous interaction between the plasma jets is the
development of a fire-hose instability in the hypersonic jets penetrating each
other in the longitudinal magnetic field [4]. The condition for the development
of the instability is v > CA ; its growth rate y reaches its peak value
Tmax = 0-7 coHi when krnj ^ 1. The rate of diffusion of particles in the
velocity space across the field is higher than that along the field. Thus, the
development of turbulence mainly results in particle scattering. Some estimates
show that the directed particle velocity becomes isotropic for times equal to
several co^í, i.e. 10~7— 10~6 s. As a result, the length of the interaction zone
should not exceed 100 cm. This conclusion is in good agreement with the
experimental results. Thus, we can expect the ion distribution in the velocity
space to be of the spherical-layer type with a nearly constant absolute value
of the velocity. In case of collision between a deuterium and a hydrogen plasma,
the distribution of deuterons in the velocity space will be represented by a
portion of the spherical layer. The neutron yield calculated for the given
distribution function agrees well with the experimental results. This fact
indicates that the suggested mechanism of plasma jet interaction seems to
explain the observed phenomena in a satisfactory manner.
As a result of our experiments, plasma jets (n = 1015 c m - 3 and
v = 8 X 107 cm-s""1) completely detached from the a drift-tube walls have
been produced by guns in a longitudinal magnetic field. Effective plasma
transport over a distance of 10 m has been provided. A plasma jet energy of
25 kJ, i.e. 18% of the energy stored in the capacitor bank of the accelerator
has been recorded at a distance of 5 m from the accelerators. Complete
thermalization of the guided plasma energy for collisions of the deuterium
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jets with each other in a homogeneous field has been observed. Hot deuterium
plasma with a density of n = 1015 cm - 3 , a temperature of Tj = 2—3 keV and
a total energy of 50 kJ has been produced by thermalization. Transverse plasma
thermalization has been provided by a field strength of H2 > 4irpv2. The
plasma life-time is 10-15 ¡JLS, a time long enough for a longitudinal plasma
spread. Hot-plasma production has been accompanied by intense neutron
radiation. The maximum neutron yield was 4 X 109 neutrons per shot. The
experimental results are easily explained by an interaction that is non-classical
in nature. When the jets collide with each other, a fire-hose instability develops,
and the particles are scattered from Alfvén waves.
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Abstract
SCALING LAW OF LASER PLASMA PRODUCTION AND HEATING FROM A SOLID
TARGET AND ITS APPLICATION TO MAGNETIC CONTAINERS.
Systematic studies have been carried out to obtain the scaling principles of plasma
production by lasers with a view to applying laser-produced plasmas to various magnetic
containers of interest to nuclear fusion. The functional dependence of plasma parameters
on laser characteristics indicates that the laser pulse width should be longer in order to
obtain a plasma with a greater number of particles of fixed laser energy. Detailed studies
in the presence of an external magnetic field have shown that the magnetic flux inside a
rapidly expanding laser-produced plasma is almost entirely excluded by the plasma and
that the width of this high-beta sheath is near to the "hybrid" Larmor radius. The confinement
properties of the spindle-cusp field have been studied, using this unique hot plasma source.
Fairly large differences were observed in the density decay of low-beta plasma in the cusp centre,
point-cusp and line-cusp regions. Laser-produced plasma was applied to the JIPP-lb Nagoya
Stellarator. A typical angle of the toroidal drift was found to be in the range of 30—75
from the position of plasma production. The result suggests the effectiveness of simultaneous
production of three or four plasmas for prevention of particle loss due to toroidal drift.
1.

INTRODUCTION

It is well known [ 1 , 2 ] that lasers can produce impurity-free and neutral-free
plasmas, high-beta plasmas, plasmas at given positions inside magnetic containers,
as well as currentless plasmas, the latter being particularly important for
stellarators and torsatrons.
To utilize laser-produced plasma for magnetic containers with fairly large
plasma volume, of interest to nuclear fusion, it is important to establish the
scaling law of laser-produced plasma parameters. To this end, the present
paper deals with studies on the scaling characteristics of plasma production by
lasers and with basic studies of applications to spindle-cusp [3] and toroidal devices.
* Department of Electrical Engineering, University of Tokyo, Tokyo.
f Department of Physics, University of Tokyo, Tokyo.
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SCALING LAW OF PLASMA PRODUCTION BY LASERS FOR
MAGNETIC CONFINEMENT SCHEME

2.1. Scaling characteristics of plasma parameters
To establish the scaling law for laser-produced plasma parameters, a Nd-glass
laser with maximum output energy 300 J was used to irradiate targets of beryllium
fibre or deuterium ice pellets. By separately varying both the laser output energy
(5-300 J) and pulse width (5-150 ns), the functional dependence of both total
ion number and mean expansion velocity produced on the laser output power
or energy was examined in detail. A typical result is shown in Fig.l.
(a)
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FIG.l. Dependence of plasma parameters on laser output power or energy and pulse width.
The target is 50-\im-dia. Be. Charge number Z = 4 is assumed for all ions, (a) Total particle
number N (summed over the whole direction) versus laser output power F^. (b) Mean ion
expansion velocity V versus PL- (C) Total expansion energy of the plasma Ep (E p = NMV2/2)
versus E L . (M: mass of beryllium ion.)

Figure 1(a) shows the total particle number N (detected by multichannel
ion collectors and integrated over the whole direction) as the function of laser
output power PT_. A simple theoretical model shows that the dependence of N
on laser power PL, pulse width TL and effective target length L will scale as
N a vb TL L a p£ + ^ r L = E£ + ^ rl£(a+P\ assuming the burning speed vb œ P£
and L « P [ . The result of Fig. 1(a) indicates that the value (a+j3) is nearly equal
to 0.65, and so N °c E£ 6S r^*35 in the parameter region where complete burning
is not achieved. Here, the effect of L (<* p£) comes mainly from the target
geometry employed (fibre). Therefore, the relation a < 0.65 holds, i.e.
N a E £ Tl£a (a < 0.65; 1-a > 0.35). It can thus be concluded that the laser
pulse width should be longer in order to obtain a plasma containing a greater
number of particles for a fixed laser output energy.
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The dependence of the mean ion expansion velocity V on PL is shown in
Fig. 1(b). From this figure the ion expansion velocity can be found to scale
approximately as V œ P^ (7 = 0.25) irrespective of pulse width. The total
expansion energy of plasma E p = NMV2/2 is shown in Fig. 1 (c) as a function of
laser output energy, where M is the mass of the beryllium ion. In these analyses,
the charge number Z = 4 has been assumed for all ions. From these results the
energy of the plasma produced is seen to be almost proportional to the laser
energy. (The dependence E p ac E[;17 , which is slightly larger than E¿°, is
probably due to the geometry of the target employed - the effect of L « p£.
This is not important in the case of a spherical target.)
These experimental results indicate that the overall efficiency of energy
coupling between laser and produced plasma is apparently 10—15%. However,
this will be improved by further optimization of the ratio of the laser focal
diameter to the target size (at present, about 4).

2.2. Time variation of magnetic field structure in the high-/3 sheath region

Detailed studies on the time evolution of B-field distribution both inside
and outside a rapidly expanding laser-produced plasma were carried out in order
to understand the strong interaction processes between plasma and magnetic
field. Direct measurements of the B-field in high-j3 plasma were made by using
an array of diamagnetic search coils. A typical result is shown in Fig.2, which
clearly represents the strong interaction processes. The results reveal that the
B-value inside the plasma becomes almost zero. It may also be concluded that

1

2

3

r(cm)

FIG. 2. Temporal variation of spatial
distribution of the magnetic field by
measurement of the search coil array.
B=0.16T; Eh = 100J.

670

SATO et al.

the width of this high-/? sheath is much less than the ion Larmor radius and near
to the "hybrid" Larmor radius. These results are very important not only for
physical understanding of the high-/? sheath [4], but also for the future of
high-jS open-ended systems.
3.

APPLICATIONS TO VARIOUS TYPES OF MAGNETIC CONTAINERS

3.1. Confinement properties of spindle-cusp magnetic container
Previous results of high-j3 cusp confinement properties using laser-produced
plasmas have indicated [5, 6] that the particle loss aperture size from the line
cusp (determined by comb-type probe measurement) is less than the local ion
Larmor radius px and is nearly equal to the hybrid Larmor radius (p e Pi) 1 / 2 in
the high-/3 region and increases to the ion Larmor radius in the low-j3 region.
However, the result of the particle confinement time through microwave
measurements did not agree with those by the comb-type probe measurement.
This has suggested a possible difference of plasma density at the cusp centre
from that at the cusp end regions.
n e ( Vcm3)
1Cf

^

0.52 Tesla
o-.centre
x:point cusp
a
= Line cusp

100

150
Time(jjs)

FIG. 3. Time evolution of plasma density
at various regions in the cusp magnetic
field.

More detailed current studies in the low-j3 region indicate that there is a
somewhat large density gradient within a plasma volume contained in the cusp
field. It has also been found that the decay time of the plasma density at the
cusp centre differs considerably from that at the cusp end regions (Fig.3).
Further detailed studies will be necessary if these phenomena are to be understood.

3.2. Counter-streaming phenomena in uniform B-field and preliminary
experiments in JIPP-lb Nagoya Stellarator
In applying laser-produced plasmas to toroidal magnetic traps, especially
in the sense of simultaneous plasma production at multipositions inside a trap,
it is very important to investigate the collision processes of two plasma blobs
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FIG.4. (a) Diamagnetic signals at the middle point of two targets in the case of counterstream
(CS) and two single streams (SS; L = left, R= right), (b) Enhancement factor a of the
diamagnetic signal due to the counterstream. Target separation d = 7.8 cm; magnetic field
strength B = 1.2 Tand laser energy irradiated on one target E L / 2 = 16 J. (c) Dependence of
maximum enhancement factor a m a x on B. E L / 2 = 16 J; d = 7.8 cm. Dashed line indicates
theoretical scaling, (d) Dependence ofamax
on the separation of two targets d. E L / 2 -16 J;
B = 1.2 T. Dashed line indicates theoretical scaling.

counterstreaming along the magnetic field. Two counterstreaming plasma
blobs are produced by using a Nd-glass laser which simultaneously irradiates
onto two aluminium plane targets placed 2-20 cm apart along the uniform
magnetic field (3-12 kG). It was found from the results of high-speed framing
photographs that the luminous intensity in the spatial region of the collision
of two plasma blobs increases dramatically in comparison with the case of
one plasma stream alone. The diamagnetic signals also increase by a factor
of 3 - 8 in comparison with the simple sum of single-stream signals (Figs 4(a) and (b)).
In the region of the plasma parameters investigated here, no microinstability
driven by electric current (particle-beam) parallel to the B-field (including the
Buneman and ion acoustic instabilities) seem to occur. On the other hand,
theoretical analysis (Figs 4(c) and (d)) indicates that the Coulomb collisions
between the ion beam and Maxwellian electrons and/or between the ion beams
seem to thermalize the plasma streams. These results imply that simultaneous
plasma production at many different positions in a toroidal system will
promote the thermalization of ion kinetic energy parallel to the B-field and will
shorten the "connection time", so that particle loss due to the toroidal drift
will be diminished.
Preliminary studies of plasma filling of the JIPP-lb Nagoya Stellarator
with a laser-produced plasma have also been performed. The differences of
radial distributions of particle flux with and without fi = 2 helical field at
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FIG. 5. Differences of radial distribution of particle flux with (solid lines) and without
(broken lines) 2 = 2 helical field />= 0.5) at positions 30°, 75°, 120° and 210° from the
position of plasma production. Bt = 0.4 T.

various toroidal positions (d) are shown in Fig.5. Figure 6(a) shows the total
particle number (N) flown along the toroidal field versus the position (6).
The value N is seen to decrease drastically between 6 = 30° and 75°, while
the variation becomes minor in the region 6 > 75°. The latter may be
interpreted as follows: as seen in Fig.6(b), the position 6 where the density
becomes maximum when the plasma front reaches 6 = 180° is around 75°.
After closing the full torus with the plasma stream, the rotational transform
comes into play to suppress the toroidal drift and this keeps the N-value
almost constant in the region 6 > 75. Thus, the major toroidal drift takes place
at the toroidal position between 30° and 75°.
Based upon these results, the filling study to the JIPP-lb device with
simultaneously produced laser plasmas at two and four toroidal positions is
now in progress.
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(b) 6-t diagram of front and density peak of laser-produced plasma stream along the toroidal
direction, where Vp, Vp and TQ are the front velocity of plasma stream, velocity of density
peak of the stream and closing time of the full torus with the plasma stream, respectively.

4.

CONCLUSIONS

(1 ) Results of detailed study on the scaling law for plasma production by
laser indicate that the laser pulse duration should be longer in order to
obtain a plasma containing a larger number of particles for fixed laser
output energy available.
(2)

For interaction processes with external magnetic field, it has been found
that the magnetic flux inside a rapidly expanding plasma is almost entirely
excluded, and the width of this high-j3 sheath is nearly equal to the
"hybrid" Larmor radius.

(3)

Results of study in JIPP-1 b Stellarator show that the typical angle of toroidal
drift is in the range 30—75° in spite of the partial effectiveness of a helical
field at the filling period. Simultaneous laser-plasma production at three
to four toroidal positions would therefore be advantageous.
Applications to the Nagoya Bumpy Torus and JIPP T-II are also being considered.
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Abstract
EXPERIMENTAL STUDIES OF NON-LINEAR PHENOMENA IN COLLISIONLESS
PLASMAS.
Experimental studies are made of some non-linear effects which may play an important
part in wave excitation, propagation and attenuation in hot plasmas in HF-heating experiments:
1. Wave interaction through resonance particles. The evolution of space-charge wave packets
in a plasma with unstable distribution function is studied when the growth rate is lower than
the bounce frequency of the trapped particles. The results obtained are in agreement with the
theory of moderately turbulent relaxation of waves and particles in a plasma. — 2. Excitation
of low-frequency short-wavelength oscillations by mixing two high-frequency waves. It is
shown that, if the pumping-wave amplitudes are sufficiently large and resonance conditions
are fulfilled, the amplitude of the beating oscillation is comparable with the pumping-wave
amplitudes and that the low-frequency oscillation interacts efficiently with the plasma waves. —
3. Excitation of large-amplitude fast magnetosonic waves. It is shown that, if the amplitude
of the HF exciting current is sufficiently large and the frequency is close to that of the natural
fast magnetosonic oscillation of a plasma column, an additional component of the static
magnetic field arises in the plasma. At the same time, oscillations on harmonics of the exciting
frequency appear.

Non-linear effects play an important part in some collective phenomena in
plasmas such as, in particular, the development and saturation of instabilities,
interaction between waves and between waves and particles, wave damping and
plasma heating, transport phenomena, etc.
This paper describes results of experimental studies on some non-linear effects
which are being carried out at the Kharkov Physico-Technical Institute in
connection with the HF plasma heating problem in controlled nuclear fusion
devices.
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WAVE INTERACTION THROUGH RESONANCE PARTICLES

It is convenient to study wave-particle interaction processes in terms of
the simplest one-dimensional model of a weak electron beam in a plasma. The
process of relaxation of a velocity-spread beam of particles and waves in a plasma
is described quite satisfactorily by a quasi-linear theory if £2^ < 7 k , where Í2 tr
is the bounce frequency of the trapped particles in a wave field with wave-vector k,
and 7 k is the quasi-linear growth rate. If £ltI > 7 k , the quasi-linear diffusion
process of relaxation is converted into a moderately turbulent one [1—4].
During the moderately turbulent stage, the wave-wave interaction through
resonance particles becomes important. This interaction results in the formation
of regular structures of wave packets and convective phase flows of particles.
In Refs [5—7], the evolution of Langmuir wave packets in a plasma with
a stable distribution function (DF) was studied and the important part played
by trapped particles was clarified. A packet of finite amplitude disturbs the DF
in the resonance region. Since the group velocity of the wave, vg ,is less than the
phase velocity, Vp^, the resonance particles, on having interacted with the packet,
overtake it and start interacting with other waves. This interaction leads to the
excitation of waves outside the region where the packet is localized [1—3],
In our experiments, we study wave interaction through resonance particles
in a plasma with unstable DF. In this case, the evolution of a packet in the
plasma takes place before the background of its interaction with growing
perturbations. This situation differs considerably from that in the case of a stable
DF.
The experimental device was described in Ref.[3]. An oscillation packet
with wide frequency band — its spectral components belonging to the fluctuation
spectrum of the system —, was excited by an external oscillator near the entrance
of the beam into the plasma. The electron beam had a broad velocity spectrum.
1.1. Evolution of a plasma wave packet in a plasma with unstable DF
A fundamental, radially symmetric mode of space-charge oscillations was
excited in a magnetized plasma. Figure 1 shows the evolution of two initially linear
wave packets along the plasma column, with carrier frequencies of vx = 50 MHz
and v2 = MHz; the distance Z from the input antenna is used as a parameter.
The dotted line specifies the position of the initial packet, which is moving with
its group velocity. The wave dispersion in the system is such that the values of
vg and v p h are close to each other for vx (long-wavelength packet) and different
for i>2 (short-wavelength packet). When the evolution starts, the amplitudes grow
exponentially and then become saturated at some distance (Z = 30 cm for vx
and Z = 20 cm for v2). Beginning with the saturation point, both packets
experience amplitude and phase modulations. In the case of vlt a new packet
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FIG.2. Electron distribution function at the end of the device versus initial packet amplitude:
(a) v? = 0; (b) <p = 0.3 V; (c) <p= 1.0 V; (d) y = 5.0V.

of shorter wavelength arises behind the main packet at Z > 40 cm. In the case
of v2, both a 'tail' and a precursor appear at Z > 20 cm almost simultaneously
(note that, in this case the wavelength of the initial packet is considerably shorter
than in the case of vx ). In the subsequent evolution, the precursor and tail
amplitudes grow rapidly, their lengths increasing, and amplitude modulation sets
in. As a result, a system of plasma wave packets interacting with one another is

678

BÁKAJ et al.

generated in the plasma. Some of the packets overtake the original one and
some are behind. All the new packets arise near the original packet, which proves
that an initial packet intensifies the instability of neighbouring (in their phase
velocity) packets through perturbation of the particle DF. This is possible if the
correlation of particle motions in the amplified fields lasts for a long time.
Figure 2 represents DFs of the beam at the end of the plasma column taken
for a short time interval r = 500 ns at different values of original packet amplitude.
The initial DF is a monotonie function of the velocity (Fig.2a). An initial packet
with the amplitude <p = 0.3 V gives rise to the formation of a twohumped DF (Fig.2b). With increasing <p (Fig.2c-1.0 V; 2d-5.0 V) the DF
gains some non-monotonic 'peaked' structure. This means that correlated groups
of particles exist. The characteristic velocity scale of the structure is
Av~(2e v ?/m e ) 1 / 2 . A similar DF structure of an initially monoenergetic beam
was observed in Ref.[8].
Thus it follows from the obtained data that (i) an originally linear wave packet
is exponentially amplified by a velocity-spread electron beam; this stage is followed
by a stage of saturation with amplitude and phase modulations of the signal,
accompanied by the excitation of a succession of wave packets moving both
ahead of and behind the original packet; (ii) the characteristics of the relaxation
of the beam DF differ greatly from the quasi-linear ones, i.e. an initially monotonie
DF assumes, in its evolution, a 'peaked' structure, which demonstrates the existence
of correlated groups of particles or 'macroparticles'.
1.2. Particle transport in velocity space
We used a weak diagnostic monoenergetic electron beam that was separated
in space from the main beam. The time-averaged evolution of the diagnostic
beam DF was studied along a plasma column for different initial electron energies:
E = 150, 215 and 305 eV. Symmetric beam spreading with respect to its drift
velocity at E = 150 eV is only observed for Z < 30 cm. For Z > 30 cm, the
drift velocity increases. Beginning at Z = 67 cm, the high-energy part of the
distribution remains unchanged while the low-energy one spreads towards low
energies. As a result, the mean drift velocity of the beam decreases. This
preferential spreading towards low energies begins at a distance where the total
wave spectrum power has its maximum (Z « 70 cm for E = 150 eV).
A similar evolution takes place for E = 215 eV.
For E = 305 eV, symmetric velocity spreading also takes place but no
beam acceleration is observed. It is found that, for large Z, the diagnostic beam
decays into separate bunches with highly correlated motion in space and a
coherent velocity difference. This picture is similar to what was observed in
Ref.[9]. Actually, these bunches represent 'macroparticles', as predicted in
Refs [10—12]. Macroparticles existing for a long time imply that field correlations
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exist that provide convective transport of macroparticles without any farreaching destruction. Hence, although the general picture of diagnostic particle
transport when averaged over a long time interval, reminds of a diffusion process,
it actually is of a rather regular nature.

2.

EXCITATION OF LOW-FREQUENCY SHORT-WAVELENGTH
OSCILLATIONS BY MIXING TWO HIGH-FREQUENCY WAVES

Non-linear wave mixing can be of considerable interest from the point of
view of HF plasma heating. One of the possible non-linear processes is the effect
of a non-uniform HF field on a plasma through the AE;L(x,t) force i.e. a pressure
gradient of the HF electric field. This force results in a plasma density modulation
alternating in time and space. If this modulation is produced simultaneously by
two HF waves with frequencies u)1 2 and wave vectors KX 2 , a natural LF
oscillation with frequency Í2 and wave vector K will be excited in the plasma
provided the following resonance conditions are fulfilled:
Í2 = co j —co2 ;

K = K ! —K2

The process considered can be realized, in particular, in a multi-beam system
[13]. The excitation of a LF oscillation through HF space-charge wave-mixing
was studied experimentally in Refs [14, 15]. Nevertheless, the mechanism of
interaction between HF and LF waves, its efficiency and the possibility of its
utilization for ion heating has never been studied in detail.
We have experimentally studied plasma exclusion by HF space-charge waves
excited in a bounded plasma column by two counterstreaming electron beams (diamenter 1.0 and 0.3 cm; 400 eV; 2.5—3.0 mA) in a uniform magnetic field (500 G). The
plasma was produced by gas ionization at ~10~ 4 torr. The electron temperature
T e was 13 eV (He, AR) and 6.5 eV (Xe). When the pressure in the vacuum
chamber exceeds some threshold value, an oscillation near cope (41.5 MHz) arises.
The width of the spectrum is ~2%.
With increasing pressure, another oscillation domain appears, whose frequency
lies at some distance from that of the first oscillation. The intensity maximum
also moves into the second domain. A further pressure increase results in a third
oscillation domain (with higher frequency) while the first domain disappears.
Figure 3a shows the HF potential distribution ocrresponding to the first
oscillation domain. It follows from Fig.3a that a standing potential wave
arises in the system, its spatial period being 10 cm and its nodes being located at
0, 10, 20, 30, and 40 cm (adjacent crests correspond to opposite signs of the
potential).
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FIG.3. (a) HF and (bj LF potential distributions along the system: (1) without initial
modulation; (2-4) when a signal from an external oscillator is applied.

An oscillation amplitude in any domain can be increased by initial modulation
of an electron beam with a frequency of maximum intensity in the given domain.
If two frequencies that are close to each other are excited, each beam should be
modulated by its own frequency. Langmuir oscillations excited in the plasma
result in a density modulation. Its maximum value is 7% for Ar and He and 18%
for Xe. The corresponding HF potential value is estimated to be 42.6 V for Ar
and He.
The interaction of two HF waves generates an electron density modulation
with a beating frequency. At the same time, a potential oscillation is generated
which has the same frequency as and is in phase with the electron density
oscillation. The LF potential oscillation is sawtooth-like and has negative
polarity. Its longitudinal distribution is shown in Fig.3b.
Most interesting is the case when the beating frequency coincides with that
of the natural LF oscillation of the system. It was found previously that the
maximum of the LF noise spectrum lay above the ion cyclotron frequency for
Ar and Xe while, for He, the LF noise domain lay much lower. This noise was
identified with the so-called high-frequency ion sound in the Ar and Xe case and
with low-frequency ion sound in the He case [16]. If frequency and wavelength
of beating oscillation are close to the frequency and wavelength of the natural
high-frequency ion sound oscillation, only the beating oscillation is excited in
the plasma while the spectrum of the natural oscillation is suppressed. At the
same time, fast Xe and Ar ions accelerated along the magnetic field (^20 eV)
appear. In the case of the low-frequency ion sound oscillation (He), fast ions
have not been observed.
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It is possible to estimate the amplitude of the ion sound oscillation from an
analysis of ion acceleration process. This value is 15 V for Ar and corresponds
to 90% density modulation.
Thus, the studies we have carried out allow us to find out some details of
plasma exclusion by a ponderomotive force of an HF space-charge wave. It
follows from the experiments that a two-beam system can be used for resonance
excitation of LF oscillations in a plasma in a wide range of frequencies and wave
vectors. A resonance mode mixing allows the generation of LF waves whose
amplitude is comparable with the pumping-wave amplitudes.

3.

EXCITATION OF LARGE-AMPLITUDE FAST MAGNETOSONIC WAVES

In experiments on fast magnetosonic (FMS) wave excitation in a plasma by
an external, axially periodic azimuthal HF current (com ^ ^ ^ ^ L H ) ' t w 0 different
regimes of oscillation development are observed, depending on the ratio
y = (H0 + H z )/H 0 (H0 is the AC longitudinal magnetic field in the plasma, Hz
is the DC magnetic field). One of the regimes studied in Ref.[17] corresponds
to relatively small and moderate values of Hz when y does not exceed ~1.5 in
experiments [17] (plasma radius a = 3 cm, electron density 3 X 1013 cm -3 ,
hydrogen, frequency Í2 = 2rr X 7 X 10 + 6 s _ 1 , axial period of exciting current
A = 20 cm, coupling resonance at H0 = 940 Oe; the oscillation is excited by a
shock-excited circuit, the maximum of Hz is 250 Oe in the vacuum and 500 Oe
in the plasma). After the excitation, the current is switched on, the electromagnetic field generated in the plasma is a linear superposition of virtually
sinusoidal oscillations. This superposition consists of a purely forced
oscillation (frequency and wavelength coincide with Í2 and A) and two natural
fast magnetosonic waves, one of frequency Í2 and the other one having an axial
wavelength A. The natural oscillations are caused by a finite width of the wave
number spectrum of the exciting current and by a non-stationarity of the
excitation process [18]. It was also shown in Ref.[17] that one of the natural
fast magnetosonic waves can decay into a fast magnetosonic wave and a highfrequency ion sound wave, both fundamental radial modes of the plasma column.
From the point of view of the problems considered in this section, it is
worth noting that the main mechanism limiting the amplitude of the excited
oscillation at y ^> 1.5 is energy distribution over the spectrum of natural plasma
oscillations.
The general picture of the development of oscillations changes completely as
7 increases further. A new excitation regime is observed in experiments with
deuterium plasma (a = 3 cm; electron density ~10 1 4 cm - 3 ; Q. = 2ir X 3 X 10 6 s - 1 ;
A = 20 cm; max H z = 600 Oe in the vacuum). Here, a coupling resonance
should be expected at H0 ~ 600-900 Oe, which corresponds to 7 ~ 1.7—2.0.
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FIG.4. Exciting current (a) and longitudinal AC magnetic field in the plasma at (b) y = 1.4,
(c) 1.7, (d) 2.0, and (e) 3.0.

H2 axf?.unrts

0

10

20

30

CM

FIG.5. Amplitude of longitudinal AC magnetic field in vacuum (a) and DC component of
this field in the plasma under three sections of exciting coil after (b) 0.75 periods of HF
oscillation; (c) 1.5 periods; (d) 3 periods; (e) 4.5 periods.

But instead of the usual coupling resonance picture, the AC field components in
the plasma themselves behave in a quite different way. Figure 4 shows the time
behaviour of H z under a section of the exciting coil, where H 0 and H z are parallel
in the first oscillation period. It follows from Fig.4 that the exciting HF current
generates a DC H z component in the plasma. The direction of this component
coincides with the direction of H 0 . At the same time, harmonics of Í2 appear. If
7 is sufficiently large, the energy of the external circuit is mainly spent on an
increase in the DC magnetic field in the plasma (Fig.4e).

IAEA-CN-38/Z-5

683

Under an adjacent section of the exciting coil, where H z and H0 are antiparallel in the first oscillation period, the oscillation in the plasma develops in
a similar way, with the only difference that the DC H z component appears in
the second oscillation period.
An axial Hz distribution is shown in Fig.5. It follows from Figs 4 and 5 that,
in a few oscillation periods, non-linear effects completely distort the time
(frequency) and space characteristics of the excited wave, i.e. an additional
magnetic-field component is created, which is constant in time and space and
directed parallel to H 0 . On this component a spatial oscillation is superimposed
with an axial period of A/2.
The non-linearity gives rise to plasma paramagnetism which partly or
completely compensates for the increase in plasma diamagnetism due to plasma
heating by the external HF field.
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DISCUSSION
R.N. SUDAN: Some years ago, Denavit and I carried out a numerical
calculation to demonstrate that 'macroparticles' are produced when the transit
time of the resonant particles through the wave packet exceeded the trapping
time determined by the wave amplitude. Was any confirmation of this prediction
seen in the experiment?
V.P. OMELCHENKO: Yes, the observations in this work agree with the
picture you have described.
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Abstract
'RUNAWAY-ION' INSTABILITY DUE TO THERMALIZATION OF INTERPENETRATING
PLASMA BEAMS.
It is shown that a specific collisional instability occurs in interpenetrating plasma beams.
This instability is due to a certain dependence of the frictional force on the beam velocities.

Any plasma inhomogeneity impairs the characteristics of a thermonuclear
system so that plasma homogeneity after the heating stage is highly desirable.
In this paper, we should like to draw the experimentalists' attention to the fact
that the inhomogeneity of a plasma may increase during heating because of
peculiar features in sound wave propagation in a medium with a temporally
variable temperature and because of thermal instabilities. We shall see that
amplitudes of disturbances occurring in these circumstances are 'explosive'.
Analogous to this is the sound-wave propagation in a supersonic nozzle:
ôn
c-m(t); m =

n0

1 ,
kT
. c2 = 7 —
2
Mj

A thermal instability gives rise to a change in the exponent m only. Then, we
have for the radiation instability of a homogeneous plasma cooled by emission:
§ni _

c-m (t)

.

c

2(t)

=

j _

t/Tr ;

Qr ~

n2

Here, j is the mode number, Q r the volume radiation density, r r the radiation
cooling time, mx = I/7, and m 2 ) 3 = ( 3 7 - l)/2-y. We note that the disturbance
amplitudes of various parameters of the same mode develop differently in a
plasma with temporally variable parameters.
We are here interested in the possibility of plasma 'bunching' during
thermalization, due to Coulomb collisions, when the supersonic plasma flows
decelerate each other. This question is related to the problem of hot dense
685

ALIPCHENKOV et al.

686

plasma production by thermalization of plasma beams ($ \\ = 2 - 10 ke V,
n ~ 1016 cm -3 ) accelerated in a plasma injector for the purpose of a subsequent confinement in a min-B trap with/? = 1 [1,2]. The deceleration process may be described by
the equations of three-liquid hydrodynamics as obtained in Ref. [3]. A similar
problem arises in the interaction of ion beams with a plasma when the laser
plasma expands the ambient gas. When plasma beams collide, it is, first, mainly
the electrons that are heated, then the force of dynamic friction between the
electrons may be neglected and the ion-component interaction becomes
important. If M(vj - v 2 ) 2 /2(Ti + T 2 ) > 1, the beam collision is described by
the following two-liquid hydrodynamic equations:
3nj

—-+
at

n

3(11} v¡)

— =0
dx

9vi + n i V9VJ
i

'¥

8Tj
i
2 ' 3t

l

aCnjTj) =

4n1n2(v1-v2)

i r ^ ~ i r - - iv,-v2i3

3

3

_n

+ _n v

9Tj
3v¡
+ n
1
i
i
~Z—
i^i
2 " 3x
* dx

(1)

2njn 2 M
|v!-v2|

Here, i = 1, 2 is the beam number, M2 = M2 = mvi (0)/T! (0); in these equations,
the nj are made dimensionless and normalized to n t (0) = n 2 (0), the v¡ to
V! (0) = -v 2 (0), T¡ to Ti (0) = T 2 (0), x to V ( 0 ) T ( 0 ) , and t to T 0 , this last quantity
being chosen so that
= -1,

if t = 0

at
This system of equations has the following homogeneous solutions:

ni

= n2 = - l ;

Vl

= - v 2 = v = ( l - 3 r ) ^ ; Tj = T 2 = T = 1 - ^ - ( 1 - v2)

Let us consider the evolution of small fluctuations:
n ¡ ( t ) e i k x = n i - l ; v[(t)e^

= V i - v: T | ( t ) e ^ = T¡ - T

On linearizing system (1) (for k -• <» but neglecting thermal conductivity) we
obtain, by a standard method [4], six independent solutions. These solutions
describe drift and sound waves travelling in the beams. For example, the
sonic-disturbance amplitudes in one of the beams are given by:
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n dt ~ 2vc2 \v 2

1 dv'

1
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v' dt
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3v "" /

c

l\

— ± — + -}
\v 2
3v
9/

T' dt ~ 2vc2 V
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(2)

9/

Here, c(t) is the sound speed. Similar relations may be obtained for drift
oscillations. It is interesting to note that the ways in which the disturbance
amplitudes of density, velocity and temperature vary are different for the same
oscillation mode. The density fluctuations grow only if c/v > y/37/36 ± 1/6,
i.e. during the final stage of deceleration, whereas the velocity and temperature
fluctuations increase for all values of c/v. This is due to the fact that the
disturbance of frictional force primarily affects the velocity. The density
fluctuations only increase to the higher orders in 1 /k in the expansion of the
fluctuation amplitude, when velocity disturbance has already risen to a high
level. The great increase in temperature oscillations is also clearly understood
since
AT~M 2 vAv; M2 > 1 ; v ~ 1
Thus, we have demonstrated that a specific 'runaway-ion' instability may develop
in interpenetrating plasma beams. This instability comes from a phenomenon
similar to the well-known runaway-electron effect and leads to a bunching of
plasma beams.
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DISCUSSION
A.Y. WONG: Did you say that the cross-section for the two-beam
interactions was greater than the Coulomb cross-section?
L.I. RUDAKOV: Yes, by an order of magnitude; this is explained by the
development of a two-beam flute instability with wavelengths close to the ion
Langmuir radius.

Session AA
HIGH-BETA SYSTEMS III

Chairman
H.A.B. BODIN
UK
Papers A A-1-1 and AA-1-2 were presented
by A.R. Sherwood as Rapporteur

IAEA-CN-38/AA-M

THE LASL FAST LINER EXPERIMENT*
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Abstract
THE LASL FAST LINER EXPERIMENT.
The LASL Fast Liner Experiment explored a fusion concept in which a suitably prepared
plasma is adiabatically compressed to thermonuclear temperatures and densities by a rapidly
imploding solid metal liner. A prepared plasma having j3 > 1 is in contact with the liner and
end plugs, and contains an embedded magnetic field to inhibit thermal conduction. Cylindrical
liners are magnetically imploded by a large axial current carried in the liner shell. The
experimental work to develop this concept involved attempts to provide a suitable plasma for
liner implosions and studies of magnetically driven liner implosions. In the plasma preparation
experiments, a coaxial plasma gun was used to inject plasma into a simulated liner geometry.
About 2 ¡JLS after plasma injection a density of 3 X 10 16 cm" 3 , a temperature of 40 eV, and an
embedded azimuthal field of 10 kG were measured. In the implosion studies, cylindrical
aluminium liners were imploded by Z-pinch currents of 1 0 - 1 5 MA. Symmetrical implosions
having velocities in the range 4—6 X 10 s cm-s" 1 have been obtained for liners with typical
initial dimensions of 10 cm length, 5 cm diameter and 1 mm thickness using a 1.8-MJ capacitor
bank. Implosion velocities of 9—10 X 10 5 c m - s - 1 were observed for 6-cm-long, 5.6-cm-diameter,
1-mm-thick liners driven by a 2.4-MJ bank. In each case, current drive to the liner was maintained until the liner converged on the axis. The observed velocities and trajectories agree well
with the predictions of a one-dimensional code, CHAMISA.

1.

INTRODUCTION

The concept of compressing a plasma to
thermonuclear
conditions by means of imploding metal liners has been discussed
by various authors for many years.
The idea
apparently
developed
from early experiments
in which explosively driven
liners were used to produce magnetic fields having pressure
in
the Mbar range.
We explored one area of this general concept
that combines aspects of inertial and magnetic confinement.
A
thin solid-metal liner carries a large electrical current and is
magnetically imploded by the pinch effect upon a previously

* Work performed under the auspices of the US Department of Energy.
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LINER SCHEMATIC
LINER
END PLUG

FIG.l.

Geometry of the LASL Fast Liner

concept.

prepared plasma. The prepared plasma is wall-supported by the
liner which acts to inertially confine the compressed plasma
during the burn. Energy losses are slowed by a magnetic field
embedded in the plasma. This particular area of the implodingliner
research
has
previously
been
investigated
by
S. G. Alikhanov and coworkers at the Kurchatov Institute [1] and
has recently been discussed by J. G. Linhart. [2]
We concentrated on a cylindrical geometry, illustrated in
Fig. 1, in which the driving magnetic field and the magnetic
field embedded in the plasma are both in the
azimuthal
direction.
An analytical model of the heating of a plasma by
such an imploding liner [3] and a conceptual design for a
fast-liner reactor [4] have been presented elsewhere. Estimates
based on the analytical model for plasma heating and on heat
losses
by
one-dimensional
cross-field thermal conduction
indicate a liner implosion velocity of at least 106 cm/s is
required if the plasma heating rate is to be greater than the
thermal loss rate.
These calculations also indicate that
initial
plasma parameters of a density of several times
1 0 1 7 cm"3,, a temperature of a few hundred eV, and an embedded
magnetic field of 50-100 kG would be required for reactor
conditions. However, parameters of 10
cm" , 100 eV and 20 kG
are adequate to study adiabatic heating of wall-confined plasmas
if liner velocities of 10" cm/s could be achieved.
2.

PLASMA PREPARATION EXPERIMENTS

The purpose of these experiments was to test methods of
producing a warm magnetized plasma in a geometry suitable for
use in a liner implosion experiment. A large coaxial plasma gun
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FIG.2. Plasma preparation experimental configuration.

100

50-

0 -1
T I M E (yus)

FIG.3. Gun-injected plasma parameters
as a function of time.

(150-cm-long, 30-cm-diameter outer electrode, and 10-cm-diameter
inner electrode) was modified by the addition of a copper cone
to its outer electrode. The cone tapered the 30-cm electrode
diameter to a 10-cm diameter in a distance of 20 cm.
A 10-cmdiameter 10-cm-long cylindrical liner volume was attached to the
small end of the cone, but its wall had holes in it for
diagnostics. Several variations of the inner electrode geometry
were used in combination with the modifications just described.
The geometry used to obtain the results reported here is shown
in Fig. 2. Note that plasma was injected through a 1.2 cm
annulus which would become sealed off by the radial motion of
the liner in an implosion.
Copper, titanium, tungsten
and
tantalum were used as materials for the walls in the liner
region. Tantalum and tungsten gave better plasma parameters
than the other materials, and the results for tantalum are given
here.
Plasma temperature was measured on the midplane 2.5 cm off
the symmetry axis by Thomson scattering.
The density was
measured by a single-pass interferometer, along a cord that
intersected the Thomson-scattering volume. The magnetic field
was measured with a loop in a metal-walled jacket. The loop was
located 2.5 cm off the symmetry axis and 2.5 cm from the rear
end wall. The measured plasma parameters are shown in Fig. 3.
At
2 ys taftero
injection
B = 9 kG,
T e = 38 eV,
and
These parameters, while much smaller than
n e = 2.5 x 10 1 6 cm"3
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required for a reactor, are close to the values desired for a
liner-driven adiabatic heating experiment. However, for these
values w c i x¿¿ = 0 . 8 so the ions are not magnetized. The
expected thermal decay rate for unmagnetized ion conduction is
about 20 ys, whereas the observed decay rate from the data of
Fig. 3 was 12 us. In a liner implosion the ions would become
magnetized during compression.

3.

LINER IMPLOSION EXPERIMENTS

Implosion experiments were conducted using sections of the
Syllac capacitor bank [5] without introducing plasma into the
liner.
The bank has fifteen racks, each having a capacity of
389 yF. A series of implosion experiments was done at bank
energies of 1.8 and 1.5 MJ using three racks; seven racks were
used for a shot at 2.8 MJ, after which six racks were used for
shots at 2.4 MJ.
The
diagnostics employed measurements of the driving
current and voltage, flux compression of a 1-kG axial seed
field, contact probes and flash x-rays. All gave information
about the liner trajectory, and the last three gave information
about azimuthal symmetry and/or axial uniformity. The driving
current was measured by a Rogowski loop between the collector
plates at a radius of about 70 cm. The driving voltage was
measured near the 70-cm radius and also at the liner.
The
driving current and voltage were used to determine an average
radial position of the driving current as a function of time.
This is also an average radius of the liner if all the current
flows in it. Assuming the resistive losses are small and all
the change of#inductance is due to liner motion, the relationship V = LI + IL can be integrated for L(t) and hence r(t) since
V, I and I were measured as a function of time.
In the flux compression measurement an axial field B was
established inside the liner and a magnetic probe was placed on
axis.
To a first approximation,the flux within the liner is
conserved on the time scale of the implosion, allowing the
trajectory to be determined from the magnetic field history.
The magnetic probe voltage is proportional to v/r , where v is
the velocity of the liner, so the measurement is insensitive at
early times when v is low and r is maximum. At the end of the
implosion the approximation that flux is conserved is no longer
valid.
It was
found
that
in
the
approximate
range
1.5 cm > r > 0.5 cm
the
trajectory deduced from the flux
compression agreed with the other diagnostics. Axial uniformity
of the implosions was verified by measuring r(t) in this manner
with loops at several axial positions on a given shot.
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Contact probes were made from
small
metal
coaxial
conductors. These were used to determine the time of arrival of
the liner at a given point. If used, the number of contact
probes employed on a given shot ranged from three to six. We
were not successful verifying azimuthal symmetry with them
because of electrical noise problems. However, on other shots,
contact probes were used to check the trajectory and agreement
was obtained with the other diagnostics.
Flash x-ray measurements using 180-k.V and 300-kV sources
were attempted on a number of liner implosion shots.
The best
results were obtained with the 300-kV source. The x-ray head
was located two meters from the liner on the axis of symmetry
outside of a blast containment vessel. A 2.5-cm hole in this
vessel was 88 cm from the liner and served to admit the x- rays.
The film was located 41 cm on the other side of the liner. It
was difficult to protect the film from the shrapnel of the liner
shots, but some x-ray shadowgraphs were obtained.
The results of our experimental measurements on the liner
implosion were compared with a numerical model for the implosion
dynamics. Our liner implosion code, CHAMISA, has been described
in Ref. 3.
CHAMISA
is
a
one-dimensional,
Lagrangian,
hydrodynamic code with a detailed treatment of the equation of
state of the liner material [6]» It contains a model for the
electrical resistivity at high temperature and pressure that
allows the nonlinear diffusion of the driving current through
the liner material to be calculated. The electrical circuit
consisting of capacitor bank and feedplates is included, and the
entire liner trajectory can be calculated if the electrical
parameters are known.
Some experimental results for 1.4-MJ shots are shown in
Figs 4 and 5. The liner dimensions for these shots were 10 cm
length, 5 cm diameter, and 1 mm thickness. Figure 4 shows the
trajectory deduced from the driving current and voltage with
three points in the useable range of the trajectory deduced from
flux compression.
Also shown is the position of the liner
determined from a flash x-ray photograph. The x-ray photo is
not very clear because of plate damage, but it shows good
azimuthal symmetry.
The points labeled as "abrupt current
change" denote the time when the liner implosion reaches the
axis. This point is characterized by a discontinuity in the
slope of the current trace caused by the sudden ending of the IL
contribution to the voltage. The external circuit inductance is
not known exactly; therefore it was used as a fitting parameter
in CHAMISA. A value of 6.5 nH (which is quite reasonable) gives
excellent agreement both in shape and magnitude between the
measured and computed driving currents.
The liner trajectory
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FIG.4. Comparison of liner trajectory
calculated from V(t) and I(t) with
other experimentally
determined
positions.
TIME(/xs)

3.0
R«p(V(t),I(t))
2.5

• Rexp( p i N PROBES)

12.0
u

« 1.5
Q

<
a: l.O
0.5

ABRUPT
^CURRENT
, / | CHANGE

FIG.5. Comparison of theoretical and
measured liner trajectories for a
1.4-MJ shot.

was then computed with no further free parameters. Figure 5
shows the results of the computation for the inner and outer
radius of the liner along with the position of the current
deduced from the voltage and current measurements.
Also shown
is the position of the inner surface of the liner at three times
as determined by the contact probes and the arrival of the liner
on axis as determined from the current trace. The agreement
between the measurements and the calculations exhibited in
Fig. 5 is considered by us to be evidence that the implosion
dynamics indeed followed close to the predictions of the code.
The final implosion velocities determined from the experimental
data for these 1.4-MJ shots ranged from 3-6 x 10 cm/s except
when there was a capacitor bank malfunction.
Figure 6 shows the trajectory predicted by CHAMISA and the
experimental data for a 2.4-MJ shot. On this particular shot,
flux compression data was not obtained, but the contact of the
liner with the magnetic probe on axis was detected.
The liner
dimensions for the 2.4-MJ shots were 6 cm length, 2.8 cm radius
and 1 mm thickness. The trajectories deduced from the driving
current and voltage traces are not reasonable. They show a
finite velocity at t=0 and a higher acceleration for the first
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FIG.6. Computed trajectory and
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FIG. 7. Flash X-ray photograph of an imploding liner.
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couple microseconds than is possible. The velocity inferred
from the discrete experimental points in Fig. 6 is 10 cm/s, in
agreement with the prediction of CHAMISA.
An x-ray shadowgraph of the imploding liner in a 2.4-MJ
shot is shown in Fig. 7. This reproduction is negative,so white
areas indicate mass.
This exposure was taken on the shot
presented in Fig. 6.
The liner (white annulus) has nearly
completed its implosion.
Its inner radius is at 6 mm, and at
the time of this exposure its velocity was 10" cm/s. The outer
edge of the dark disc is at r=2 cm, which was the size of the
end windows used to obtain the x-ray exposure.
(The initial
radius of the liner was 2.8 cm.)
The white spots on axis and
the white radial streaks are magnetic probes, pin probes
and
signal wires.
The liner implosion is seen to be azimuthally
symmetric. The fuzzy appearance of the outer edge of the liner
is caused by vaporization of the material there due to ohmic
heating associated with the penetration of the driving current
into the liner. The inner edge of the liner is still solid, and
the slight fuzziness of the image there is due to resolution
effects and to x-ray scattering in the plates protecting the
film.
4.

CONCLUSION

Experiments were conducted in which a coaxial gun produced
a plasma having parameters close to the estimated requirements
for an adiabatic heating experiment. Symmetric liner implosions
having velocities in the 5 x 10^ cm/s and in the 10 x 10^ cm/s
ranges were obtained using 1.4-MJ and 2.4-MJ sections of the
Scyllac bank respectively.
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Abstract
REVIEW OF FAST-Z-PINCH-LINER PROGRAMME.
The paper reviews some studies being performed in the framework of the 'Fast-Z-pinchliner' programme. An experimental modelling of the basic processes in the given scheme has
been carried out at the LN-20 device, providing an aluminium liner cumulation velocity of
3 - 5 kni's" 1 . It has been shown that a stable cumulation of the liner occurs. Moreover, a liner
stoppage caused by the pressure of compressed magnetic field has been recorded. The problems
of foreplasma creation in a 'gas-kinetic trap' were investigated. The achieved parameters are as
follows: T = 20 eV, n = 2 X 10 18 cm - 3 . The experiments on plasma compression are described.
Computations on the boundary-layer dynamics for the case of gas-kinetic confinement as well
as on the liner-plasma system with an axial magnetic field in the range of liner velocities of more
than 100 k n v s - 1 have been carried out.

The proposed thermonuclear system is known [ 1 ] to include the production
of a preliminary (fore-) plasma in a longitudinal magnetic field inside a cylindrical
liner-shell accelerated by the magnetic field of a current travelling along the
external surface of the liner in axial direction. The plasma compressed by the
liner is heated adiabatically and then inertially confined at the instant of maximum
compression. By this, the burning of the D-T mixture takes place in the plasma
either instantaneously throughout the volume or by means of a combustion wave.
The magnetic field serves only to decrease transverse heat conduction.
To obtain stable and symmetric compression, a high-precision liner should
be produced. In the process of work, different methods have been tested: sprayon coating, electro-plating, sheet pressing and turning. The best results have been
achieved with turned liners subject to thermal treatment. Later on, only such
liners were used in all experiments. The scheme of the device is given in Fig. 1.
The experiments have shown that symmetric compression is observed for liners
with a wall thickness (mass) non-uniformity of no more than 1%. In this case,
no noticeable instabilities were observed, the compression ratio being no less
than 200, according to magnetic-probe data.
The process of liner cumulation was recorded by a fast framing camera.
To control the compression ratio and to measure the magnetic field in a chamber,
the magnetic probe, 1 mm in diameter, was placed on the axis of the system at
a distance of 8 mm from the end plug. The probe was inserted into an insulating
699
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plexi-glass cylinder, 3 mm in diameter. In experiments with large liners (120 mm
diameter, 1 mm wall thickness, 125 mm length), a reverse course of the magnetic
field, up to probe destruction, was established. The peak current pushing the
liner was about 10 MA, the battery voltage was equal to 34 kV, the typical
duration of compression was about 50 ¡xs. The kinetic liner energy achieved
a value of 200 kJ, the initial axial magnetic field being 20 kG. In this experiment,
the liner was cumulated up to a diameter of 10—12 mm. The magnetic-field
intensity measured by the magnetic probe at the instant of stoppage was ^ 2 MG,
which corresponds to a magnetic-field energy of 200 kJ. In the small-liner
experiments (58 mm diameter, 1 mm thickness, 85 mm length) a magnetic field
of 3.5 MG was obtained for an initial field of 15 kG. Without taking into account
field diffusion into the liner shell, it would correspond to a volume compression
ratio of 200. The data of the fast framing camera indicate symmetric liner
cumulation right up to the magnetic probe (3 mm in diameter), which corresponds
to a compression ratio of 350.
Even without involving energy losses, i.e. by simple adiabatic compression,
it is unrealistic to try to heat a gaseous D-T mixture to thermonuclear temperatures,
because this would require a 108-fold compression. In other words, there must be
pre-heating, i.e. foreplasma production. At least, two ways are possible. One of
which is shock heating by cumulating the liner itself. In this case, the foreplasma
is produced by the shock-wave propagating through the D-T mixture in front
of the moving liner. The creation of a ~100-eV plasma requires, however,
driving the cumulating shell up to a velocity of more than 107 cnvs - 1 , whereas
in the experiments conducted the liner speed did not exceed a value of
5 X 105 cnrs - 1 . For this case, an another way has been chosen: independent
heating from an energy source other than the liner kinetic energy.
The foreplasma was created by opposite injection of plasma jets from co-axial
guns (Fig. 1), operating as shock tubes, into the chamber with a longitudinal
magnetic field. The injectors and the chamber were initially filled by D 2 at a
pressure of 1 —10 torr. The shock-wave moving along the injector gives rise to
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magnetoplasma formation, i.e. a plasmoid. According to the current and voltage
oscillogramms, the main energy contribution from the capacitor bank to the
plasmoid takes place during the first half-period of the injector current, practically,
in 1 — 1.5 /as. Then, the current is localized near an insulator, as indicated by a small
change in the discharge circuit inductance. The data of a magnetic probe placed
in the gap of the injector show plasma flow magnetization by the magnetic field of
the first discharge current half-wave. Therefore, we may conclude that during the
first half-period a plasmoid with an energy conservation of 10 kJ, is formed in the
injector. Expanding along the co-axial electrodes, it is directed into the chamber
and at the same time 'leans upon' the insulator, near which an effective barrier
against plasma erosion is produced, owing to the high pressure in the plasmoid.
Spectroscopic measurements confirm that the injected plasma mainly radiates
through hydrogen lines.
The plasma streaming from the injector into the compression chamber was
investigated by means of fast framing camera, interferometer, spectral techniques
as well as by magnetic and pressure probes. The basic studies were performed with
a chamber of 5.6 cm in diameter with an axial magnetic field of 10 kG. The
perpendicular (P^) and the longitudinal (Py) pressure, the plasma propagation
velocity in the chamber Vy, and the electron density averaged over the diameter
n e were measured. In the initial stage (about 2—5 jus), there were Pj^ = 30 atm,
P|l = 180 atm, V|| =6.5 X 106 c n r s - 1 , n~e= 8 X 10 17 cnT 3 . The value of Pj. seems
to be overestimated since an analysis of the other experimental parameters yields
a streaming-plasma temperature of 6—8 eV and, accordingly, Pj^ =18 atm. This
may be related to the fact that the muzzle of the injector is located rather close
to the perpendicular-pressure probe, and, thus, the radial components of the
plasma velocity result in an additional contribution to the measured pressure
value. Moreover, calculations on jet collisions have been performed. This allows
the calculated and experimental velocities of the reflected wave to be compared;
they are found to be in good agreement.
With two injectors jointly operated, each wave, before the encounter takes
place, passes a distance of 80 cm; they meet correctly (the accuracy being better
than 1%) in the centre of the chamber.
There were some difficulties in the interferometric measurements of n e L.
The fringe pattern in the initial stage of the collision had disappeared, either
because of plasma non-uniformities resulting in refraction or probe laser-beam
absorption-. The available fringe shift is twice the calculated value so that
n e L = 2.5 X 1019 cm -2 and ñ e = 5 X 1018 cm -3 , which corresponds to a more than
fivefold plasma compression in the reflected wave. Most likely, an ionizing wave
has the time to propagate through the diagnostic pipes before the moment of
measurement, t = 12 yus. The measurements of the D a profile are in line with the
data given above. It should, however, be kept in mind that the plasma spectrum
is largely masked by the radiation of the dense boundary layer which is characteristic for gas-kinetic confinement. 'To see' the central-region plasma is possible
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during the initial stage until the boundary layer is formed. The latter arises from
the ablation of the chamber walls rather than from deuterium plasma flow towards
the wall. Eliminating the influence of the boundary layer by moving the observation
windows away from the chamber walls has introduced, as has been mentioned
above, an uncertainty into the thickness of the plasma column to be measured.
To verify the efficiency of plasma heating by liner cumulating, a set of
experiments has been carried out at the LN-20 device. The purpose of these
studies has been to find out how much the experimental pressure ratio P/P 0 (P is
the plasma pressure during cumulation, P 0 is the foreplasma pressure) differs from
the same ratio resulting from the calculations, on the assumption of axial, radial
and radiation energy losses. The accuracy of such a comparison should be considered. First, the radius of the inner liner surface was assumed to be just the
same over the whole liner length although there was no reliable experimental
confirmation of this assumption since the diagnostic possibilities for this chamber
were limited. Fast-framing-camera recordings of the cumulation give no information on how precisely cylindrical the inner liner surface is. Second, account
should be taken of a possible discrepancy between the elemental composition of
the compressed gas and the initial mixture. The electrodes along which the liner
moves are conically shaped with a base angle of 6°. The liner 'seals itself up'
during the motion, but penetration of arcs and introduction of liner and electrode
vapours into the compressed volume are possible because of contact burning.
The arc can penetrate into the compressed volume also during the time when the
liner passes the ring gap between the gun electrodes as the compressed volume
and the external volume are connected through the gap. These assumptions have
been confirmed experimentally.

< as at at as as & tu 7¿fanj

FIG.2. Plasma pressure as a function of
internal-liner radius: r t = 2.9 cm;
o
ijj,, = 2.8 cm; L = 8.5 cm; Po = 50 atm;
n0 = 1.6X10 l8 cm" 3 ; H0 = 10 kG.

The result of the liner compression experiment is shown in Fig.2. The liner
velocity was up to 4 X 105 cnvs -1 . The liner dimensions were: radius - 2.9 cm,
thickness — 0.1 cm, length — S.5 cm. We see from Fig.2 that the compression
was worse than in the adiabatic, but better than in the isothermal case. The
above calculations allowing for losses show a satisfactory agreement with the
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experiment during the first and the middle stages of compression. The decrease
in pressure at the end of the compression phase is due to plasma running through
the butt-ends since a breakdown of the liner 'seal' takes place at this stage at the
flat parts of the cones near the axis. For the moment, there is still agreement
between the calculated and the experimental behaviour; the plasma density and
the temperature as calculated from the pressure and compression ratios are
n = 1020 cm -3 and T = 40 eV. These experiments have been performed with a
single injector, the initial plasma parameters being P 0 = 50 atm, n 0 = 1 . 6 X 1018 cm -3 .
They are worse than in the case where two injectors are used. At present, a full
experiment is being prepared.
Gas-kinetic confinement of a magnetized plasma is one of the main principles
on which the Z-pinch-liner programme is based. We are, of course, interested in
the dynamics of boundary-layer formation. In this connection, a numerical
modelling of cooling-wave formation has been performed. The wave is formed
near the wall surrounding the plasma cylinder. For this calculation, a programme,
taking into account all losses within the capacity of one-dimensional consideration,
has been developed. An extreme version has been considered: at the initial moment,
a hot plasma column is in contact with a cold non-conducting wall. It is natural
that later a region of low pressure is formed near the wall and then an accelerated
motion of the magnetized plasma towards the wall sets in. In view of the pulsed
nature of the process, magnetosonic waves propagating in radial direction are
superimposed on the plasma motion. As the plasma is accumulated near the wall,
the velocity of plasma flow decreases and tends to the stationary value [2].
A knowledge of the number of ions per unit area of the layer is necessary
for an estimate of the boundary-layer relaxation time. In keeping with the
computations performed, the number depends only on the ratio of the pressure
to the intensity of the magnetic field; it may be expressed as follows:
N = 5 X 1015 (P/H)0-7

(P/H) = 104 - 106

N = 1.74 X10 16 (P/H)

(P/H)>106

Here, all quantities are given in cgs-units. It is the very-high-pressure and (5 » 102
case that is of great interest to the Z-pinch-liner scheme. So, the quantity of
thermonuclear plasma lost at the cold wall is rather appreciable. In fact, the
situation is not so bad as the numerical experiment would indicate. First, there
is a colder layer around the foreplasma. Second, it is not so difficult to prepare
the necessary amount of hydrogen plasma. Then, the relaxation time may be
roughly assessed from energy considerations:
-

boundary-layer energy
magnetized-plasma energy

flux

1.5 P
W
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These values are well known [2]. The result is
7

3.3

~ pO.32 TTO.592

Computational experiments have been performed for the following case: a hot
and a cold plasma are brought into the contact with one another. The equilibrium
time obtained agrees rather well with the results of the abovegiven formula.
To estimate the fusion yield from a deuterium plasma compressed by the
cumulation of a cylindrical liner containing an axial magnetic field, computations
have been carried out. In a previous paper [1 ], the connection of the capacitor
bank with a Z-pinch-liner has been taken into account. The present calculations
do not consider the dynamics of liner acceleration. What is more, the liner has
been assumed to receive the necessary kinetic energy at a given radius. In this
case, liner acceleration driven by the magnetic field of the Z-pinch and plasma
compression by the liner are temporally separated. It may be realized as a
magnetic-field-driven liner accelerating the other liner from its state at rest.
In operating the LN-20 device the acceleration of a cylindrical liner followed by
an encounter with an internal liner has been modelled. After tenfold compression,
the external liner has transferred a portion of its kinetic energy to the internal
liner. The cumulation of the latter has led to an additional 100-fold magneticfield compression. The mass of the internal liner was much less than that of the
external one.
Computations have been carried out by a simplified scheme, without
considering the equation of motion. A shock-wave has been assumed to cross
the D-T mixture. In addition, some assumptions have been made: the plasma
pressure has because stationary, and the temperature profile is close to quasistationary. The latter assumption is rather crude, but there is a temperature
maximum on the axis, in view of the cylindrical shock-wave. The energy losses
were calculated from averaged values. The electron thermal conduction along
the magnetic field onto the butt-ends was determined from the diffusion length [3 ].
Radiation losses both from the hot region and the boundary layer have been taken
into account, the radiation losses from the colder boundary plasma being determined by the well-known formula for the cooling wave [2 ]. Radial plasma flow
caused by radiation losses from the magnetized plasma has been taken into account
in the equation of particle conservation. This simplified approach makes it possible
to compute a large number of versions.
The one-dimensional cylindrical code KRAFT was used to calculate processes
occurring in the liner. To save computer time, the number of layers was taken to
be small while in the version chosen this number grew until the result, within the
given accuracy, depended on the number. The equation of state was taken from
monograph [4]. The radiant thermal conductivity of the ionized liner plasma

IAEA-CN-38/AA-1-2

705

was calculated by a well-known method [5]. Computations have been performed
for two values of liner energy: 200 kJ and 1 MJ. In the first version, the fusion
yield exceeds 25 times the initial liner energy, while there is only a twofold
overstepping in the second version. The choice of the most favourable version
for the initial parameters is closely connected with the method of concentrating
(focusing) energy in space and time. In this respect, the above figures are not
the most favourable ones since the versions with extremely small liner dimensions
are most favourable. This situation would need a certain amount of progress in
achieving greatest power within reasonable efficiency. Certainly, the formation
of a plasma liner by a 'snow plough' in a gas with high atomic number, as has
been proposed by Linhart [6], is one of the possible methods of energy focusing.
It works successfully in the plasma focus devices of Filippov and Mather. As was
mentioned above, a solid liner can be used although also in this case a magnetocompressed discharge must be used to obtain sufficiently high speed [7]. In
addition, since liner instabilities might occur the initial thickness of the external
liner must be increased, which unfavourably affects the efficiency of energy
transfer during collisions.
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DISCUSSION
ON PAPERS AA-1-1 AND AA-1-2

A. Y. WONG: What losses did you consider in arriving at the near-break-even
condition for the 10-MJ LASL bank?
A.R. SHERWOOD: The losses considered were cross-field ion and electron
thermal conduction, bremsstrahlung and particle losses along the axis. The scaling
was done without losses, and then the various loss rates were checked against the
rate of compressional heating. Thus the estimates were not self-consistent.
F.L. RIBE: In the Kurchatov experiment, the temperature rise is small.
What loss mechanisms do they give to account for this?
A.R. SHERWOOD: The calculation that was used for comparison with the
experimental results includes axial and radial thermal conduction losses as well
as radiation losses, but a detailed description of this calculation is not given. The
authors do not explicitly comment on the small temperature rise, but I believe
axial electron thermal conduction may account for it.
H.A.B. BODIN (Chairman): What actually is the effect of axial electron
thermal conduction, especially in the Kurchatov experiment, where there is an
axial field? Can you also say what maximum temperature is expected in the two
experiments?
A.R. SHERWOOD: Although the effects of axial electron thermal conduction
are reduced at these high densities, the losses are significant in the Kurchatov experiment because of the long implosion time. Axial thermal losses reduced the
compressional heating considerably below the adiabat, as was evident in the
experimental results.
The maximum temperature expected in the two experiments depends upon
the parameters of the plasma injected into the liner geometry and the timing of
this injection. Both groups were working on plasma preparation experiments with
the goal of producing initial conditions that would lead to final temperatures of
about one kiloelectron-volt.
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Abstract
HIGH-BETA CONFINEMENT EXPERIMENTS IN MULTIPOLE/SURMAC: A CONCEPT
FOR AN ADVANCED FUEL FUSION REACTOR.
The most critical problem in the multipole/Surmac design as an advanced fuel reactor was
studied in high-/? experiments in both collisionless and cbllisional regimes. No ballooning
instabilities were observed in the unfavourable magnetic field curvature region for )3 = 8% in
the collisionless regime in the Dodecapole Surmac and 0 = 35% in the collisional regime in the
octupole device. The )3 values are limited by plasma sources and will be increased in near-term
experiments by neutral beams and RF heating of power densities approaching 1 W-cm"1.
The decay time of 0 is at least 200 Alfvén times. Pressure gradients sharpen to 2 p c . when
j3 exceeds 5% in the collisionless limit but are invariant with )3 in the collisional regimes.
Significant magnetic perturbations due to plasma pressures are also measured. Idealized MHD
fluid code generally predicts 4% for octupole and 7% for dodecapole geometries. The
multipole/Surmac concept has also been applied to a linear device to create an axisymmetric
high mirror-ratio device (R <. 100). Experiments verify its stability against MHD interchange,
while Fokker-Planck calculations confirm significant improvements in nrand electron-to-ion
temperature ratios with R. It can be used as an axisymmetric proton-rich plug for a tandem
mirror.
When the multipole/Surmac design is applied to axisyrranetric
toroidal and linear geometries resulting in a low magnetic field in
the main volume and strong surface fields, MHD stability and high
beta conditions are achieved. Long confinement time and low synchrotron radiation make multipole/Surmac a prime candidate for advanced fuels such as D-He 3 , P-B11 , and p-Li°. Because advanced
* Work supported by US Department of Energy contracts DE-AM03-76SF00010 and
EY-76-S-02-2387.
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FIG.l. Schematic of UCLA Dodecapole Surmac showing magnetic system, plasma injection,
vacuum and diagnostic systems.

0=35%

WISCONSIN LEVITATED OCTUPOLE
- — TO AXIS

FIG.2. Poloidal magnetic flux plot in Wisconsin Levitated Octupole indicating location where
|3 = 35%. The four circles are internal current-carrying rings. No toroidal field is applied.

fuels must burn at elevated temperatures and densities, reactor
considerations dictate that higher 8 values be achieved. The most
dangerous high-8 instability is the ballooning mode in the region
of unfavorable magnetic field curvature. The following investigation of such instabilities should have relevance to other average
minimum-B systems such as tokamaks and tandem mirrors.
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The search for high-6 ballooning limits was conducted in two
separate shearless toroidal geometries which have axisymmetry.
Internal rings are used which produce purely poloidal fields. The
UCLA Dodecapole Surmac*, consisting of six toroidal current carrying hoops, is operated in the collisionless parameter regime
n = 5 x 10 1 § cm" 3 , B = 2.3 kG, Ti = 200 eV, T e = 25 eV, œ c itii » 1
(Fig. 1 ) . The Wisconsin Octupole^, a larger four-internal-ring device, achieved its highest 8 in the collisional regime: n =
2 x 10 1 3 cm' 3 , B = 200 G, T± = T e ~ 10 eV, ^ T ^ - 2 (Fig. 2 ) .
The main findings in these two complementary experiments are:
1. The plasma remains stable for 8Dri¿[ge = 8% in the collisionless region and 8Dridge = 35% in the collisional regime. The
bridge is the region of unfavorable curvature behind each currentcarrying conductor.
2. The decay time of 8 is between 200 to 1000 Alfvén times.
The plasma can be considered as in quasi-steady-state with regard
to the growth of ballooning modes, which occur in the order of
Alfvén time.
3. Pressure gradients sharpen to twice the cyclotron radii
when 8 exceeds 5% in the collisionless limit but are invariant with
8 in the collisional regime.
4. Significant magnetic perturbations due to plasma pressures
are measured.
5. Large-amplitude coherent electrostatic oscillations
(30 — 100 kHz range) are observed in the bad curvature region only
when the pressure gradients are of the order of Larmor radii. These
oscillations have no observable influence on the confinement of
plasmas.
The present theoretical model '° uses a single-fluid MHD theory
with infinite conductivity. The energy principle was used to consider the change in energy associated with: 1) The binding of magnetic field lines; 2) The compression of flux tubes; 3) The
displacement of flux tubes along the pressure gradient. The theoretical 8 limit for stability to ballooning modes is evaluated by
numerically solving the eigenvalue equation for marginal stability4
8/3£[(l/u0r2B)ax/3£] - p'(D/B)X = 0 where the fluid perturbation
normal to a flux surface is Ç^ = X/rB, p' = 3p/34>, \b is the poloidal flux function, r is the major radius, I is the direction parallel to B, and D = -2uQ/B2 3/3i|»(p + B 2 /2u 0 ) . The critical 8 is
obtained by finding the minimum p' for which a solution for X(£)
exists. The coefficients of the equation can be evaluated using
the self-consistent finite-8 equilibria obtained by numerically
solving the Grad-Shafranov equation. The experimental pressure
profile is used as input, and constancy of ty on the conducting
rings and wall is employed as a boundary. The following results
are obtained from such equilibrium solutions:
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1. Plasma displacement is a maximum in the bad curvature
region. Solutions for the perturbation eigenfunction X(£) are
obtained for two different sets of boundary conditions corresponding to X(£) having odd or even symmetry about the good
curvature region (midplane). The most unstable mode is the even
mode which is nonzero in the good curvature region.
2. The critical 8 varies with each flux surface; the critical 8 near the critical flux surface where good and bad curvatures
balance each other is 7% for the Dodecapole and 4% for the octupole. The difference in common flux accounts for the difference
in critical 8.
3. The theory shows that, as 8 is increased, the private flux
around the hoop is converted into common flux by the diamagnetic
currents flowing in the plasma. This results in a decrease of
magnetic field in the private flux region between hoop and separatrix and an increase of magnetic field in the common flux region
between separatrix and the wall.
4. The location where the pressure gradient p' goes to
zero moves closer to the separatrix ^ s as 8 is increased. This
implies a steeper density profile.
Comparison between Experiments and Theory
A comparison between experimental findings and theoretical
predictions shows that the much feared ballooning instability did
not occur up to the theoretical limit in the collisionless regime
and well above it (9 times) in the collisional regime. Furthermore, the steepening of the pressure profile (to order of the Larmor
radius) has not been predicted by theory. Experiments indicate
that the finite-Larmor-radius effects are important and that ion
viscosity could play an important role in the collisional regime.
Experimental Details
The UCLA Surmac, whose major radius is 45 cm and minor radius
20 cm, is filled by a Marshall gun through a drift tube to avoid
neutrals. The trapping of this high-temperature and high-density
fully ionized plasma gives rise to a diamagnetic signal in the interior and a paramagnetic signal in the exterior. As much as 60%
change in the interior magnetic field has been observed. The scan
through the long dimension of the Surmac (Fig. 1) shows a quiescent
and flat profile in the low central field region, and the pressure
gradient in the surface becomes sharper with increasing 8. When 8
is raised above 5% the pressure profile in the bridge steepens to
a width of two ion gyroradii wide centered on the separatrix.
The maximum ion temperature T¿ at equilibrium is limited by
the poloidal flux corresponding to a constant 2.2 p C i across the
common flux bridge region for each value of B. T¿ is observed to
scale as B2 in the range of 30 — 250 eV up to 2.3 kG. When the
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profile steepens, a highly coherent 100-kHz density fluctuation is
observed on the steep profile across the common flux, but is absent
from the private flux toward the hoop and the common flux in the
good curvature region. In spite of its large amplitude (ôn/n ~ 30%)
there is no observable enhancement in the decay process of the
plasma. The diagnostics for the experiments include charge-exchange
analyser, optical Doppler measurements, 2-mm microwave interferometer magnetic probes and gridded energy analysers.
A series of experiments is being performed on the Wisconsin
Levitated Toroidal Octupole to find the ballooning instability
limit4 and to examine finite-3 effects on microstability. The
main findings are;(a) experiments in which 3 ~ 35%, 9 times the
single-fluid ballooning 3 limit, has been attained without instability onset; (b) observation of a 30-kHz microinstability which
is invariant over 3 orders of magnitude in 3.
The relevant region in which to evaluate 3 is between the
large major-radius ring and the wall, near the separatrix (Fig. 2 ) .
It is here that ballooning and drift modes would occur. At this
location 3 = nk (Te + Ti) 8TT/B2 has been determined to be 35%
at 400 usee after plasma injection by coaxial Marshall guns.
The injected, fully ionized plasma (n n /n e = 1%) requires - 200 usee
to eliminate initial injection turbulence and adopt a steady pressure profile peaked on the separatrix. Thereafter, 3 decays with
a 600-ysec time constant which is ~ 1000 Alfvén times (ballooning
growth times) or 100 drift-wave periods. 3 ~ 35% is achieved at
low field (B ~ 200 G) with plasma parameters n ~ 2 x 10 1 3 cm"3
(by microwave interferometry), T e - 10 eV (by double Langmuir
probe) and T¿ " 10 eV (by a gridded electrostatic energy analyser).
The ion gyroradius pi "* Ln/2 where L n is the density gradient scale
length, and the neutral pressure during a shot is ~ 10" 5 torr
( v e n « v e j L ) . The vacuum chamber is ~ 1.2 x 1.2 m in cross-section
and 1.4 m in major radius.
Experimentally, no deleterious effects accompany the attainment of high 3. The ballooning mode is not observed at 3 ~ 35%.
Particle loss occurs on a collisional diffusion time scale. The
plasma pressure essentially maintains a steady state compared to
the MHD time scale, and no significant 3-related fluctuation in
magnetic field, density or electrostatic potential is seen.
Since 2 p¿•~ L n the observed stability is likely due to finite
ion gyroradius or other kinetic effects. However, as the magnetic
field is increased, the gyroradius decreases, and the single-fluid
regime is approached. For example, at B " 800 Gauss we obtain
3 ~ 8%, twice the single-fluid limit, with 6 p¿ " L n . Also, as
the field increases, the experimental finite pressure perturbation to the field approaches, in magnitude and radial profile,
the fluid equilibrium code prediction.
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A 30«-kHz microinstability is observed and is of interest in
that it remains remarkably invariant in all observed properties as
3 is varied over three orders of magnitude (density varied from
10 9 to 2 x 10 1 2 cm~ 3 ). The mode has striking features. Although
it is independent of density it exists only at low magnetic field
when kj_p^ ~ 1. It is standing along a field line with odd symmetry about the midplane and travels toroidally in the diamagnetic drift direction with À ~ 20 cm. Although 3 » me/mj_, the wave
remains electrostatic and does not couple to Alfvén waves. This
is not surprising, since although 3 is large (8%), the Alfvén
speed is still 6 times larger than the parallel phase velocity of
the wave. Addition of a toroidal magnetic field, which introduces
magnetic shear, eliminates the presence of the instability. The
persistence and strong signatures of the wave (coherence, odd
symmetry, density independence, finite gyroradius and bad curvature dependence) permit a good test of drift-wave theory in toroidal systems. Calculation is underway to predict the onset of the
mode in toroidal octupole geometry.

Future Efforts in Multipole/Surmac
As the present limit for 3 is apparently a plasma source limit
rather than a stability limit, additional heating sources are contemplated for both the UCLA and UW experiments, eventually bringing
the input power density close to 1 W/cm3. The UCLA Surmac will be
heated by 400 kW of 2 — 4 keV neutral beams. The ion sources are
Oak Ridge type with permanent magnets at the surface while the grids
fabricated by Hughes Research Lab. are closely spaced at mm distances. If the present empirical scaling of T¿ as B 2 obtained in
the collisionless regime continues to hold, then an increase in keV
ion temperatures is expected with the present 3-fold increase in
the confining magnetic field.
The Wisconsin Octupole will be heated by 4 megawatts of auxiliary heating (2 MW of 15-kV neutral beams and 2-MW slow-wave
fundamental ICRH) to begin mid-1980. The neutral beam sources now
under development are based on similar sources being built for the
Phaedrus Tandem Mirror Experiment at Wisconsin. The sources
are Berkeley type with 10 cm x 33 cm triode extractors, and
are designed for an extraction current density of 0.375 A/cm and
a total extracted current of 57 A per source. Two such sources
will be used to inject perpendicular to flux surfaces. The ICRH
source is a 2-MW self-excited push-pull triode oscillator connected
to the midpoint of an antenna which extends one-third of the way
around the machine in the toroidal direction. The antenna forms
the inductive element of the oscillator tank circuit and therefore
tracks in frequency any impedance changes in the presence of the
plasma. The system is similar to one used several years ago to
heat ions to 600 eV in a smaller toroidal octupoleS.
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Large Axisymmetric High-Mirror-Ratio Mirrors
We now describe how the Surmac concept can be applied to a
linear mirror geometry. Such a configuration has been built with
two concentric sets of magnetic field coils carrying oppositely
flowing currents (Fig. 3 ) . These coils create a weak central field
over the main volume and a strong "rippled" field at the surface
with average good curvature. The much stronger mirror field is
supplied by a set of end coils of smaller diameter at the mirror
throats. With this arrangement a mirror ratio as high as 100 is
achievable (e.g. 500 G at center and 50 kG at mirror throat).

FIG.3. Large Axisymmetric Mirror Experiment at UCLA using Surmac fields to create a high
mirror ratio.
MHD-stable confinement is observed for Bsurface/Bcentral > 3 in
this axisymmetric device. The two free-energy sources, loss-cone
distributions and density gradients, which feed the kinetic instabilities, are significantly reduced by our design of high mirror
ratio and large diameter. Mirror confinement physics is studied
in a collisionless plasma (n < 10 1 1 cm - 3 , T¿ < 50 eV) where confinement times greater than 100 ion bounce periods are observed in
this large device (1 m plasma diameter, 2.8 m length). Both analytic and computer calculations under reactor-like conditions of
neutral beam energy of 420 keV and flux density of 10 15 cm~ 3 s"1
have shown that the high mirror ratio serves to reduce the electron
energy flow with a consequent increase by a factor of 2 to
Ti/T e ~ 8. The product of ion confinement time and particle density nTp increases by almost an order of magnitude to 3 x 10ll+
cm -3 - sec when the mirror ratio is increased from 2 to 30. The
higher electron temperature and the axisymmetry make this Surmac
mirror design useful as a plug for a symmetric tandem mirror.
Even though internal rings are used to provide average good curvature, they can be either magnetically levitated or suspended by
magnetically guarded supports. The weak magnetic field throughout
the main plasma again makes this a potential candidate for advanced
fuels. In a tandem mirror reactor burning DT or DD in the central
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cell, the end plugs can be filled with proton-rich plasmas. Then
the small cross-section of the throat (10~3 the central cross-section) between the plug and the central cell due to the high mirror
ratio makes it possible to shield the internal rings from the high
neutron flux in the central cell.
Wall Stabilization of Internal Rings
In this section we wish to discuss a technological experiment
which simplifies the use of internal levitated rings. While most
multipole/Surmacs are pulsed,they can become steady-state devices
through the use of levitated superconducting rings whose surfaces
are at room temperatures and which could be recharged periodically
with liquid helium. We have performed a technological experiment
in a 1-m-diameter vacuum chamber in which two levitated superconducting rings are simultaneously stabilized by passive wall superconducting loops. This method simplifies the design of future
Surmacs with many levitated rings by not requiring an elaborate
active feedback system.
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DISCUSSION
D.D. RYUTOV: When studying local MHD-stability with respect to ballooning
modes, one usually obtains limitations not on the local 0-value but rather on the
pressure gradient at a given flux surface. In this context, how should one understand the critical /3-values discussed in your paper?
A.Y.WONG: The surface we took as a reference was one near x cnt-
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Abstract
STABILIZATION OF A Z-PINCH BY A TRANSVERSE INHOMOGENEOUS MAGNETIC
VACUUM FIELD.
A plasma confinement scheme, "Extrap", had previously been suggested in which a
toroidal Z-pinch was immersed in and stabilized by a transverse (poloidal) "vacuum" field
produced by currents in a set of external ring-shaped conductors. A closed poloidal
magnetic field was obtained by driving a current along a null-field region of the vacuum field.
The strong inhomogeneity of the latter had a stabilizing effect on a plasma column of finite
cross-section. A corresponding linear scheme has been investigated with pinch currents J p
up to 22 kA. The discharge starts along the zero line of the vacuum field which is generated
by four external rods, each carrying a current J v antiparallel to J p . A plasma column of
growing width is built up during a 3—5-¿us period as neutral gas is ionized. After build-up, a
quasi-steady state is established with densities and temperatures n e = 10 21 —1022 m~ 3 and
T e = 3—20 eV. There are three stability regimes, depending on the current ratio J v / J p .
The observed stabilizing effect of the transverse field becomes weakened if an axial magnetic
field is added.

1.

INTRODUCTION
"Extrap" has two characteristic features. First, a purely

poloidal confinement field, B = B
ing

+ B , is obtained by generat-

a plasma current, j = curl B /y , in the null-field region
p o
_^

of an imposed transverse "vacuum" field

B . Second, the vacuum

field, B , is strongly inhomogeneous, which should have a stabilizing effect on a plasma body of finite cross-section [j-3].
This scheme has similarities to the compact toroids with a
purely poloidal magnetic field.
A linear version of Extrap is outlined in FIG.l and has been
used in the experiments described in this paper. The main
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purpose of the experiments is to investigate the effects of the
->

vacuum field S
2.

on macroscopic plasma stability.

THEORETICAL BACKGROUND
A class of toroidal Extrap equilibria has been shown to exist

[3]. In the corresponding linear four-rod case of FIG.1, equilibrium solutions have been computed within certain parameter
ranges [2] .
Concerning Extrap stability, a large class of perturbations is
associated with motions of the plasma boundary, thereby leading
to electromagnetic induction effects. In presence of an inhomogeneous vacuum field

B , such as in FIG.1, surface currents

are induced which have a stabilizing effect on these perturbations |_lj . For long wave-length kinks with nearly rigid displacements of the plasma cross-section, a stability lower limit
has been deduced for the ratio

J v /J D s where

J

flowing in each of the external rods of FIG.l, and

is the current
J

is the

pinch current [l].
Internal perturbations within the plasma body do not generate
surface currents. Interchange modes are stable if the
closed-line criterion is satisfied [4-8]. Thus, unlike the
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low-shear limit of the Mercier criterion, the pressure can decrease with increasing <Jj d£/B in a stable state. Large pressure
gradients can then become stable if the plasma boundary lies
close to a magnetic separatrix [8J . Near the magnetic axis the
internal kink modes become unstable ¡J]. We assume here that
these modes can be stabilized by fini te-ion orbits and a
non-circular plasma cross-section.
Superposition of an axial homogeneous magnetic vacuum field
B

is expected to weaken the stabilizing effect of

B

because

it decreases the relative magnitude of the vacuum field inhomogeneity, introduces a helical field geometry for which certain
perturbations could become unstable, and enhances the heat
transport to the electrode surfaces.
Finally, a cold-mantle should influence the boundary conditions
and favour stability of the plasma boundary layers within large
parameter ranges [3,5,9] •
3.

EXPERIMENTAL ARRANGEMENT
A linear device with end electrodes was used for studying

both the build-up process of the plasma column and its stability (FIG.l). The currents

J

and J

were antiparallel.

Characteristic data of the experiment are given in TABLE I.
Diagnostics included side-on streak and framing photography,
magnetic pick-up coil and loop signals, and Thomson scattering
measurements. The pick-up coils were mounted on support
rings coaxial with the plasma column at a radius r=2.5 cm and
at distances

z = 5,10 and 15 cm from the cathode edge. Coaxial

pick-up loops of radius 2.2 cm were located at

z = 5 and 10 cm.

The coils and loops were used to study the axial components of
the fluctuating plasma-current-induced magnetic field. Thomsonscattering measurements gave spatially averaged estimates of
n

anc
e

*

Te

because the width of the scattering column was

comparable to the plasma column diameter.
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TABLE I. PARAMETER DATA OF DEVICE EXTRAP-0

4.

Average pinch radius

a~= 0.3 to 0.6 cm

Axial length of plasma column

L— 13 to 20 cm

Inner radius of vacuum tube wall

r w = 2 cm

Plasma current

J p = 2 to 22 kA

External rod currents

J v = 22 to 45 kA/rod

Axial density (quasi-steady stable state)

n e s 10 21 to 10 22 m - 3

Axial temperature (quasi-steady stable
state X, lower limits)

T s 3 to 20 eV

EXPERIMENTAL RESULTS
When applying a voltage between the electrodes and having a

sufficiently strong imposed field
the zero line of B

in FIG.1.

B , a discharge starts along
A pinched column of growing

width is then built up during the first 3 to 5 ys, as the
plasma current rises to its steady-state value. This behaviour
differs from that of a pinch without a transverse field where
a current sheath is formed at the walls and propagates radially
inwards. During the following quasi-steady period of 20 to
40 ys, limited by the power supply, the estimated axial electron
density and temperature are given by the data of TABLE I.
A qualitative demonstration of the stabilizing effects of the
field

B

can be seen by examining high-speed photographs and

the axial component of the magnetic flux,

$ , measured by the

pick-up loops.
We first compare an unstabilized Z-pinch to a pinch stabilized by the imposed transverse field

B

(FÍG.2). Three regimes

were observed with respect to stability depending on the current
ratio

F = J /J . We attempt to give a quantitative estimate of
v p
astability by measuring the induced axial flux |$ | during a
given discharge pulse. In FIG.3 values of |$ |/J

versus J

are shown during the build-up and steady-state phases

for a
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FIG.2. Comparison between a Z-pinch which is stabilized by a transverse inhomogeneous
vacuum field Sv generated by external rod currents J v = 36 kA (left-hand column) and an
unstabilized Z-pinch (right-hand column). The figure shows (a) the pinch current J p>
(b) side-on streak pictures, (c) loop signals, and (d) framing pictures. Shaded markings in
(b) and (d) indicate limits of visibility.

fixed transverse field given by J

- 36 kA. In FIG.3 there are

three regimes, characterized as follows:
(I) When F > 4 (i.e. J

< 9 kA as shown in FIG.3), the plasma

became quiescent during the steady-state phase of the discharge. The signals |$ I were due to activity during the
build-up phase; but even the amplitude of these disturbances
decreased

to

zero as

F was increased to about 8. The

oscillations during the build-up phase were kink-like in
that the plasma column oscillated with respect to the axis

722

DRAKE et al.

Jîj/Jp(arb.)

J tf «36kÂl
/

1 build-up phase I
steady-state phase]

wall-contained--in this regime

: ^
0
p

2

4

6

|Regimel|

8

10

12

14

16

18j p (kA)

4—{RegjmenU.—¡Regime Hl|

FIG.3. Dependence of induced axial magnetic flux <J>z on pinch current Jpat an external rod
current J„ = 36 kA.

defined by the zero of the field

B . No preferential

direction of the oscillation was observed; that is, the
column kinked towards both positive and negative curvature
regions of the vacuum field. There was fairly good
coherence between the signals observed at z = 5,10 and
15 cm, indicating that the modes seen during the build-up
phase had long longitudinal wave-lengths of the order of
the column length. No residual axial magnetic field was
detectable in the plasma column during the steady-state
phase according to the loop-signal data.
(II) When 3 < F < 4 (i.e. 9 < J

< 13 kA), the kink-like oscil-

lations persisted throughout the plasma discharge. The
pinch column was contained in that the pinch did not strike
the vacuum vessel wall. A residual axial magnetic field
from the build-up phase persisted into the steady-state
phase. There appears to be a correlation between the presence of this field and the persistence of the kink-like
disturbances. The frequency of the oscillations in
Regime II was higher than the characteristic build-up
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phase oscillations seen in Regime I, and the coherency of
the signals from probes at z = 5, 10 and 15 cm was less
clearly established in Regime II than in Regime I.
(IH)When F < 3 (i.e. J

> 13 kA), the plasma column became

H

strongly unstable and uncontained, and came in contact with
the vessel wall. The measured oscillations then decreased
in amplitude.
When varying J , it was further found that this stability
behaviour depended on the parameter
|B | can stabilize an increased

F; that is, an increased

J .

It should also be mentioned that preliminary experiments were
made on some modifications of the field geometry. These
resulted in an uncontained plasma. With two as well as three
equally spaced current-carrying external rods, the plasma
escaped between the rods. With reversed current directions in
two of the four rods of FIG.1, the plasma current was localized
to layers near the tube wall.
In an additional experiment,the stabilizing effects of B
were also compared with the stabilizing effects of a homoge-*neous longitudinal vacuum field
for a pinch current J
corresponding to J

B , as demonstrated in FIG.4

- 6 kA. With a transverse field

B

- 36 kA and a current ratio F = 6, a loop

ó»
signal $
was obtained as shown in FIG.4a. A single oscillation was seen here during the build-up phase, after which the
column was free from pinch instabilities. In FIG.4b a longitudinal field of strength |B | = 0.021 T was added along the
z-axis of FIG-1, whereas the rod currents remained at
J - 36 kA. This resulted in some prolongation and reinforcement of the build-up phase signal $ , but the pinch still
1

This was also the case when all rod currents were parallel to the plasma current.
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FIG.4. Influence of a superimposed longitudinal homogeneous vacuum field B z on the
stabilizing effect of the transverse inhomogeneous field B v . The induced magnetic flux
signals <J> are shown for a pinch current 3p = 6 kA when:
(a)
|#ZZ| =0andJv
= 36kA
(b)
\tz | = 0.021 T and J v s 36 kA
(c)
\ÊZ | = 0.085 T and Jy = 36 kA
(d)
\%\ = 0.085 Tand Jv = 0

remained stable during the following quasi-steady phase. However, a further increase of the longitudinal field strength to
|B I = 0.035 T at J - 36 kA resulted in *

signals which

contained oscillations and irregularities persisting throughout
the plasma current pulse of FIG.4c.

This indicated that the

stabilization effect of the transverse field B w was weakened
->
v
when adding the longitudinal field B z - Finally, in FIG.4d,
the longitudinal field strength was kept at |B | = 0.085 T
->-

whereas the transverse field B w was reduced to zero. In this
•
v
case the $ signals were similar to those of FIG.4c. The
plasma column was not stabilized against kinks with wavelengths of the order of the column length (20 cm).
For the above cases, the ratio of the various vacuum field
->

magnitudes to the magnitude of the plasma-induced field

B
-»•

* +

at the pinch column surface is of interest. In FIG.4a |B„|/|B I
was 0.03 and in FIGs 4c and 4d, B7|/|Br
was 0.3 at the same
surface.
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CONCLUSIONS
The experiments confirm the predicted stabilizing effect of
an inhomogeneous transverse vacuum field

B

on electro-

magnetic modes which involve motions of the plasma boundary. The stability depends on the current ratio J v /J p
being in qualitative agreement with theory |_lj .
(ii) The observed development of internal disturbances near the
pinch axis during the build-up phase of the discharge is
also consistent with theory |_7j .
(iii)Superposition of a homogeneous longitudinal vacuum field
ELz

weakens the stabilizing3 effect of the transverse

field

B , consistent with theoretical expectation.
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DISCUSSION
F.L. RIBE: The system you have described is like a Surmac with a longitudinal
current. I wonder whether Professor Wong would like to comment on this?
A.Y. WONG: In the Surmac there can be a toroidal current without a
toroidal field and that could be considered as an example of a pinch stabilized by
the method Dr. Lehnert has described.
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PHYSICAL PROCESSES DURING
THE LASER IMPLOSION
OF A TARGET IN THE
HYDRODYNAMIC REGIME
E.G. GAMALIJ, V.B. ROZANOV
P.N. Lebedev Institute of Physics,
Moscow,
Union of Soviet Socialist Republics
Abstract
PHYSICAL PROCESSES DURING THE LASER IMPLOSION OF A TARGET IN THE
HYDRODYNAMIC REGIME.
The results are given of theoretical studies of the physical processes which accompany
the laser implosion of a target in the hydrodynamic (ablation) regime with moderate radiation
flux values. It has been shown that the absorption and transport of energy under these
conditions are governed by classical mechanisms. The hydrodynamic instability and spontaneous
magnetic field generation processes in the target have been studied. An analytical theory of the
implosion has been developed and scaling relations derived. These relations can be used to predict
the parameters of a laser pulse-target system in experiments involving large absorbed energies.
A comparison has been made between theoretical and experimental results for Eias = 100—200 J.

1. The future of laser thermonuclear fusion depends to a large extent on how
far it is possible in contemporary experiments to determine the role of the
processes which govern the heating and implosion of spherical targets, to derive
their quantitative characteristics and to predict the kind of changes they will
undergo with increase in the scale of the absorbed energy.
In this paper, we give the results of physical studies of the processes that
occur in targets imploded by a laser pulse with a moderate value of flux, under
conditions where an 'imploding-shell' (ablation) regime is established. The
following problems are discussed:
(a)
(b)
(c)
(d)
(e)
(f)
(g)

The absorption of the laser radiation as a result of classical, resonance
and anomalous mechanisms, with allowance for refraction and reflection;
The generation of fast electrons;
Energy transport in the target;
Self-radiation from the corona;
Hydrodynamic instabilities during the implosion;
Generation of spontaneous magnetic fields;
Comparison of theoretical and experimental results for Eat,s = 2 0 - 4 0 J;

729

730

GAMALIJ and ROZANOV

(h) Analytical theory of the implosion and the scaling relationships which
enable predictions to be made of the parameters of a laser pulse-target
system for experiments on next-generation devices (Del'fin) involving
large absorbed energies.
2. A theoretical description of the absorption processes has been given by means
of the 'Rapid' numerical code [ 1 ] (use of Maxwell equations for the laser radiation
together with the equations of two-temperature hydrodynamics and electron
thermal conductivity; allowance for refraction; inclusion of absorption mechanisms —
classical, anomalous and resonance - through the use of effective frequencies in
the expression for the permittivity). For moderate laser radiation fluxes under the
conditions corresponding to the experiments on the Kal'mar device [2], the absorption
coefficient is about 40% and is almost entirely determined by the inverse bremsstrahlung mechanism. The fraction of energy absorbed as a result of the resonance
mechanism (with allowance for the change in the density profile as suggested by
Kidder [3]) does not exceed ~ 1%. This energy is contained in fast electrons with
an average temperature Tfast = 2 keV. The fast electrons in this case do not have
any noticeable effect on the state of the target.
3. The self-radiation of the target is related to bremsstrahlung and recombination
processes. Radiation production and propagation calculations made by means of
the 'Rim' program (equation for transport in the density and temperature profiles
in a spherical target) enable us to find the spectra and intensity of the emitted
radiation, the intensity distribution after it has passed through a pinhole camera,
etc. The energy lost by re-radiation is some 5 —10% of the absorbed energy. An
important aspect of the spectrum calculation is allowance for the non-equilibrium
ionization which affects the hardest part of the spectrum.
4. The studies of the implosion stability were carried out both analytically
and by means of computational experiments [4] (with the ASAF code, which
includes two-temperature hydrodynamics, electron thermal conductivity and
the generation of magnetic fields in the axisymmetric approximation). The
stabilizing effect of convection proves to be small. Considerably more important
is the role of equalization by thermal conductivity. This has been studied both
for separate harmonics and for the actual irradiation asymmetry in the Kal'mar
device. The saturation of the growth rate in the corona of the target may be
connected with the finite value of the density gradient; the most important
saturation on the inner boundary of the shell is that which arises from the nonlinear mode interaction (ak ^> 1). This last effect, found in two-dimensional
calculations, has a simple interpretation (in terms of the conservation of energy
in the acceleration field) which goes back to the work of Fermi [5]. By taking
these effects into account, we can determine the limiting perturbation amplitude
for which high densities can be obtained.
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5. Under the conditions considered here, spontaneous magnetic field generation
occurs mainly as a result of the appearance of heat flows excited by the
Rayleigh-Taylor instability [6]. The field generation zones coincide with the
instability zones and are situated near the vaporization front and the inner
boundary of the shell. The maximum value of the field, which is limited by
Joule losses, is about 3 MG in the corona and more than 20 MG inside the target.
Since the evolution of the magnetic field is closely related to the development of
the instability, measurement of the magnetic fields can in principle be used as a
method for diagnosing the development of the instability inside the target.
6. The main factors which can cause the electron thermal conductivity processes
to deviate from classical diffusion are the ion-acoustic instability, the magnetization
of the thermal conductivity and the fact that the kinetic transport predominates
over diffusional transport so that the absorbed energy is concentrated mainly in
the non-Maxwellian electrons. The first two effects can be important for moderate
flux levels. Under corona conditions, the classical electron thermal conductivity
flux is about 1/20 of the limiting value and the ion-acoustic instability threshold
can be exceeded only in certain zones: the effect of this instability is therefore
small. The magnetization of the thermal conductivity can be very considerable
(w e Te « 1 - 2 ) but the magnetic field reaches a maximum at the instant of
collapse, when the energy iransrer from the corona to the shell is already
unimportant.
7. A detailed comparison has been made between theoretical data and
experimental results obtained on the Kal'mar device for different target sizes,
absorbed energies and irradiation and target symmetries [7]. The computed data,
such as the radial electron density distributions in the corona at different times,
the temperature at the critical point, the magnitude of the absorbed energy,
the time of collapse and the average inward velocity of the shell and the average
density of the compressed gas, were obtained on the assumption that the
absorption and transport coeffficients had their classical values; they agree
well with experimental results. The factor which is most sensitive to the absorbed
energy, the initial gas density and the initial perturbation amplitude is the neutron
yield from the target. This is a result of the low deuterium temperatures of
0.2—0.6 keV — values for which the thermonuclear reaction rate depends very
strongly on temperature.
8. Using the assumption that the quasi-steady-state flow in the corona adjusts
'infinitely quickly' to the imploding shell, Afanas'ev et al. [8] have developed an
analytical theory of the implosion of shell targets which enables the final
characteristics of the implosion — the maximum density and temperature of
the gas, the time taken for the implosion, the implosion rate and the hydrodynamic
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efficiency — to be expressed in terms of the initial target and laser parameters.
They have shown that the maximum hydrodynamic efficiency can be achieved for
a strictly defined relationship between the aspect ratio and the wavelength of the
laser used for heating. The characteristic dimensionless parameters in this problem
serve as algebraic scaling relationships, which can be used to predict the parameters
of the laser-target system (for given values of the maximum density, temperature, etc.)
as the scale of the absorbed energy is increased.
9. If the energy of the laser pulse is increased to 200—300 kJ, then in the
imploding shell regime we may expect that:
(a) The absorption coefficient will be greater than 50%;
(b) Heating by fast electrons will not be important;
(c) The hydrodynamic efficiency (3—5% in current experiments) will be
10—15% for an aspect ratio of 100 (or at a laser wavelength of 0.5 ¡xm):
this corresponds to an increase of 30 km-s - 1 in the average inward
velocity (values of 70-100 km-s - 1 have so far been achieved);
(d) The total conditions for a self-sustaining thermonuclear reaction will
be produced in the target.
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DISCUSSION
J.P. CHRISTIANSEN: Does the optimum wavelength X opt for a DT-shell
depend on which material is used as a layer? And does the calculated value of
this parameter include the magnetic fields or is it determined solely by hydrodynamics?
E.G. GAMALIJ: The optimum ratio between the target structure and the
wavelength is determined only by hydrodynamics and by the structure of the
corona.
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Abstract
ABSORPTION AND BACKSCATTER IN C 0 2 LASER-TARGET INTERACTION.
Efficient absorption of long-pulse C 0 2 laser radiation is observed to follow a transient
phase of stimulated backscatter (SBS) in critical density, laminar oxygen gas target irradiation
experiments. Backscatter is found to peak at 5 X 10 12 W- c m - 2 (VQ/V 2 ~ 1) and decrease with
higher incident intensity. Maximum total "reflectance" of 30% is measured, decreasing to 18%
at 10 13 W-cm - 2 , roughly divided between specular and stimulated backscatter. The level
of backscatter is consistent with predictions of convective gain for highly damped ion waves,
i.e. Compton scattering. X-ray measurements and spatial hot spots in the backscatter indicate
filamentation similar to that observed in underdense hydrogen plasma. Nearly complete energy
absorption occurs for < 10 ns following SBS after which target burn-through and refraction
dominate. Inverse bremsstrahlung and resonance absorption cannot account for the high
absorption in the critical density plasma with scale length <100 ¡îm at early time or subsequently
underdense plasma at later time. Anomalous collisions of electrons with strong ion turbulence
induced by the incident laser radiation are postulated to account for the efficient absorption.
Ion charge measurements indicate that approximately 8% of the particles carry 60% of the ion
energy (average particle energy ~ 6 keV). These energetic ions may be generated either through
flux inhibition (f = 0.04) due to strong ion fluctuations or directly through laser-induced decays.

1.

INTRODUCTION

Classical inverse bremsstrahlung absorption of 10.6ym
radiation in high-temperature, short-scale-length plasma
appropriate to high-intensity, short-pulse C0 ? laser fusion is
known to be inefficient. For long-pulse target irradiation, on
the other hand, strong stimulated Brillouin scattering [1], [2],
[3] may be expected to arise from the long-scale-length plasma
corona, severely limiting energy absorption. Thus,alternative
absorption processes which may be exploited are of considerable
interest. For short-pulse,high-intensity irradiation,considerable
profile modification may be induced, simultaneously reducing
SBS in the corona and permitting efficient resonance absorption. For long-pulse lower-intensity irradiation the possibility
of exploiting anomalous absorption resulting from strong ion
turbulence exists. Enhanced ion fluctuations may be driven
directly through various laser-induced instabilities or
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FIG.l. Schematic diagram of experimental set-up for investigating CO-¿-laser interaction
with oxygen gas target and enlarged view of supersonic laminar jet used as a thin target for
simulating plane solid targets.

through plasma flow. Sufficiently enhanced absorption,in turn,
may moderate the level of stimulated backscatter.
We wish to report results from experiments which bear on
the comments above. In particular, the large SBS previously
observed [3] from strictly underdense plasma irradiated by
focused CCL laser intensities of 1 0 1 3 watt/cm2 is found to be
substantially reduced with a critical density layer present.
Moreover,efficient absorption of the incident beam (apparently
unrelated to resonance absorption) is found to occur following
a transient backscatter phase for long-pulse (> 10 nsec) laser
irradiation of the target. Importantly,the focused laser beam
geometry and parameters are the same as in the earlier study.
In the present experiment, a supersonic laminar jet oxygen
gas target [4] was substituted for the free-jet hydrogen gas
target used previously. A schematic diagram of the experimental
set-up used for these studies,along with an enlarged view of
the laminar jet, is shown in Fig. 1. The incident COp laser
radiation was focused by an off-axis parabolic mirror with 10-cm
focal length onto a variable gas density supersonic laminar jet
stabilized by a low-pressure helium background. The pulsed gas
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flow equilibrates in 2 msec,providing a useful non-destructive
target; critical densities are readily achieved when oxygen is
ionized to a helium-like state (Z = 6 ) .
Principal measurements to be discussed here include: spectral
and intensity dependence of Brill ouin scattering, fi lamentation,
thermal and non-thermal X-ray emission, interferometric density
measurements, ion charge measurements and detailed energy balance
- absorption, scattering and refraction.
2.

EXPERIMENTAL RESULTS AND DISCUSSION

2.1. Stimulated Backscatter and Filamentation
Spectra of backscattered radiation for several incident
intensity levels are shown in Fig. 2. For the lowest intensity
there is a clear red-shifted component identifiable as Brillouin
scattering which shows considerable broadening. From this it may
be inferred that ion wave damping is strong and that ion heating
has occurred as a direct consequence of Brillouin scattering. It
would also appear that nonlinear Landau damping due to the large
ion density fluctuations is contributing to the spectral width[5]

£

I . 2 - ( A ) 2.1 x 1 0 1 2 W - c n i 2

Instrumental Width-

(B)4.3x1012W-cm2

Instrumental Width

(C) 10 1 3 W-cm" 2

Instrumental Width

1.6

-50

0

50

I00

FIG.2. Spectra of backscattered radiation
for various incident C02 laser intensities.

Wavelength Shift (Â)

With increasing intensity,an additional blue-shift which
can arise from the Doppler effect as well as refractive index
corrections is superimposed on the Brill ouin spectra. Linear
Landau damping is enhanced as the ions are preferentially
heated, leading to evolution of the Brill ouin into Compton
scattering. This has two important consequences: (a) the broad
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FIG.4. Total specular plus stimulated
backscatter (solid curve) and stimulated
scatter only (dashed curve) as a function
of incident C02 laser intensity.

spectrum of ion "waves" in the ponderomotively driven, highly
damped case leads to a highly turbulent plasma; and (b) in the
kinetic (Compton) scattering regime, fil amentati on and stimulated backscatter are expected to occur simultaneously.
Filamentation is indeed observed to occur with characteristics similar to those previously reported for underdense
hydrogen plasma [6]. Spatial hot-spots are found in the imaged
Compton backscatter, and high-energy X-ray measurements yield
the same saturation behaviour with incident intensity and the
same T. . ^ 1 keV (see Fig. 3 ) . The accompanying large density
fluctuations further enhance ion turbulence which can, in turn,
influence laser absorption.
The magnitude of backscattered power as a function of
incident laser power is shown in Fig. 4. As before, SBS is found
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to saturate with incident laser intensity (and actually decrease),
though at levels considerably less than the 60% previously
observed for underdense hydrogen plasma. A maximum total
"reflectance" of 30% was measured at intensity 5 x 1 0 1 2 watt/cm2
corresponding to v 2 /v 2 ^ 1, decreasing to 18% at 1 0 1 3 watt/cm2.
The specular compoHenf is approximately constant at 8%. The
decrease in SBS likely has a variety of causes though ponderomotive effects, whether influencing density profile, plasma flow
or instability growth,is a strong underlying theme. For example,
associated with the increased ion heating of the spectra shown
in Fig. 2,we calculate approximate effective scattering densities n/n /v 0.45, 0.4 and 0.2 respectively. In addition, filamentation Ts most pronounced at the highest intensity.
Interferometric measurements using an ultrashort ruby-laser
probe beam were made to determine density and scale length L.
At the time of peak backscatter, L £ lOOym. With the known
reflectivity, scale length and spectral behaviour, we may use
the fact that convective growth dominates for strong pump wave
and heavy ion wave damping to approximately calculate the effective density for scattering, degree of ion heating and density
fluctuation levels [5]. Thus we find n/n ^ 0.4, <5n/n ^ 0.35,
and ZT_/T. ^ 1.2 at 5 x 1 0 1 2 watt/cm 2 ; n/nr ^ 0.2, ôn/n ^ 0.5
and Z T ^ / T ] ^ 0.8 at 1 0 1 3 watt/cm2.

c

2.2. Absorption
For a time interval of < 10 nsec following SBS, nearly
complete absorption occurs after which target burn-through and
refraction dominate. Little energy is scattered sideways.
Experimental results are summarized in Fig. 5 and Fig. 6.
Forward transmission in the focal cone is negligible for a
considerable time following gas target breakdown, though
forward refraction just outside the focal cone sets in prior
to re-emergence of straight-through transmission. This feature
is illustrated temporally in Fig. 5 and spatially in Fig. 6.
The transient phase of SBS (5 nsec FWHM) occurs early in the
laser-plasma interaction and does not recur, unlike the underdense hydrogen case where scattering existed throughout the
pulse. Ponderomotive effects and strong absorption appear to be
chiefly responsible.
Thus we are left with the striking and, at first sight,
unexpected result that the high-intensity CCL laser radiation
is efficiently absorbed for periods £ 10 nsec. Classical
inverse bremsstrahlung is inadequate to account for this result.
The absorbed fraction for a linear density profile of scale
length L and n <_ n is given by [7]
A = 1 - exp [- ^ | -£i k L]
v L
1 5 cu0 O
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Transmission Signal
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and refraction

Backscafter Signal
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Forward Refraction Signal
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A>

FIG. 6. Angular distribution of early time
backscatter and late time transmission and
refraction of laser radiation from gas target.

FIG.5. Temporal behaviour of C02 lasertarget transmission, backscatter and
refraction.

where v . is the electron - ion collision frequency; to and k
are theeirrequency and wavenumber of the incident radiation. For
the experimental values of T = 160 eV and L = lOOym at early
times when n £ n , the fractional absorption A = 0.4.
Even less explicable by inverse bremsstrahlung is the
continuing high absorption when the plasma becomes underdense,
e.g. n/n ^ 0.5 with scale length L < 400ym at t = 8 nsec
following^ breakdown. This behaviour would appear to eliminate
resonant absorption as a significant absorption mechanism since
near critical density is required. Likewise, the relatively low
hot electron temperature of 1 keV, which is considerably less
than that predicted theoretically [8], [9] or measured experimentally would indicate that resonance absorption is not important
On the other hand, strongly enhanced absorption of laser
radiation due to short wavelength (kAD ^ 0.5) ion turbulence
can be very effective [10], [11]. The anomalous collision
frequency v* is given by [11]
2

i*

=

bFfnki\y
n. /

Im ee(k.
lK m )

^.

i

Ov^ÏÏ

cos2e

where on. . is the amplitude of ion density fluctuation of
wavenumber k.,ien's the plasma dielectric function, and e.is
the angle between It. and É (electric field of the pump^ave).
Moreover, enhanced fluctuations may be excited by the intense
pump wave directly or through plasma expansion. Indeed, strongly
enhanced ion fluctuations (kAD ^ 0.5) have been observed in
similar C0 o laser-plasma interaction experiments at 1 0 1 2 watt/
cm' irradiánces using ruby Thomson-scattering techniques [12].
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Thus for anomalous collisions to account for an additional
absorbed fraction A* ^ 0.5 (total absorbed fraction ^ 0.9), we
find a required v* = 3.6 v . or 2(<5n/n ) 2 - 0.03. This value is
consistent with ion fluctuations prevailing in this experiment;
typical values associated with stimulated Compton scattering,
filamentation and two-plasmon decay are found to be ôn/n £ 0.1.
2.3. High-Energy Particles and Energy Balance
Analysis of ion charge measurements provides additional
information. Ion charge detectors show nearly symmetric emission
(outside the focusing optics) with an average particle energy
< E > ~6keV. It is found that approximately 60% of the energy
is carried off by 8% of the ions.
This result may imply a significant reduction in energy
transport. If this is so, a simple calculation balancing
absorbed energy with that carried off by electrons and ions
yields a flux factor f - 0.04. If we now assume that ion turbulence is responsible for a possible inhibition of transport
[13], [14] then it may be shown that ion fluctuation levels
ôn/n ^ 0.1 are required. Thus a model invoking strong ion turbulence would appear to self-consistently account for both large
absorption and transport inhibition. With such strong inhibition,
however, higher electron temperatures ( 5 - 1 0 keV) than those
measured (% 1 keV) should result.
An alternative and perhaps more plausible explanation for
the observed ion energies and lack of very hot electrons may
be directly related to laser-induced instabilities. It has been
shown that for heavily damped ion waves and strong ponderomotive
pump, direct acceleration of electrons and ions in the electrostatic fluctuations leads to a balance between ponderomotive and
thermal energy [15]. For an intensity of 1 0 1 3 watt/cm2 with
effective scattering density n = 0.2 n , we find T ^ 1 keV and
T. = ZT ^ 6 keV. These values are in agreement with experimental
results.
The total ion energy for isotropic emission-representing
absorbed energy, apart from fast ions,in the direction of the
focusing mirror-amounts to ^ 6 joules. This is to be compared
with a calculated laser energy input of - 7 - 10 joules,
averaging 8 joules, using the data on transmission, scattering
and refraction.
3.

SUMMARY

Contrary to initial expectations that for long-pulse
irradiation of our gas target the absorption would be moderate
and short-lived (target burn-through) and stimulated Brillouin
backscatter large, we find efficient absorption for a relatively
long time following a transient phase of SBS. Classical inverse
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bremsstrahlung and resonant absorption do not appear to account
for this result. The high level of ion density fluctuations
induced by the strong ponderomotive pressure (v 2 /v 2 ^ 2.5) of
the incident pump wave through decay instabilities and plasma
flow would appear, however, to account for the general
features of backscatter levels, fi lamentation, hot electron
and ion energies, anomalous collisions and enhanced absorption.
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DISCUSSION
S. MERCURIO: Is it possible to devise an experiment in which you could
observe your filamentations directly?
A.A. OFFENBERGER: We have investigated filamentation through the
correlation of high-energy X-rays with temporal and spatial measurements of
stimulated backscatter in the underdense plasma. This work has been published.
S. MERCURIO: Don't you think that the high fluctuation level you observe
by Thomson scattering could, as in magnetic confinement devices, be caused by
heating in the region behind the critical layer?
A.A. OFFENBERGER: No. These measurements are in the underdense
side driven by the incident radiation.
F.F. CHEN: A calculation of the inverse bremsstrahlung at T e = 160 eV is
not sufficient to show that the absorption is anomalous, since a dense cold
ionization front can cause complete absorption. Hence, the proof rests on the
Thomson-scattering measurement of ion turbulence. Did the occurrence of
turbulence coincide in time with the period of opacity?
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A.A. OFFENBERGER: At the late stage when the plasma (fully ionized
target) is underdense, inverse bremsstrahlung can no longer account for the
absorption and so an alternative explanation is required. In fact, time-resolved
and spectrum-resolved Thomson scattering measurements of the fluctuations in
and out of the plane of the electric field of the incident C0 2 laser beam show
enhanced ion fluctuations over a time of 10 ns — the period of strong absorption.
C. YAM AN AK A: What to you think about the effect of jet gas flow on the
formation of the density profile? The filamentation instability growth rate could
perhaps be affected by the flow speed.
A.A. OFFENBERGER: The flow speeds are small compared to all velocities
characterizing the plasma. In addition, when kinetic scattering prevails (heavily
damped ion waves) the growth rates for stimulated scattering and filamentation
are the same.
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Abstract
STIMULATED-BRILLOUIN-SCATTERING STUDIES IN LOW-DENSITY PLASMAS USING
MICROWAVE SOURCES.
Observations of stimulated Brillouin scattering (SBS) in microwave interaction with a
plasma, as verified by the satisfaction of the frequency and wavelength matching rules and
growth rate, are presented. A small amount of chamber reflectivity causes ion fluctuations due
to the standing-wave ponderomotive force, which then serve as an enhanced noise level for the
initiation of the instability. Saturation of the backscatter is observed and compared with
existing theories. The control of SBS using finite-bandwidth comb-type or random-noisetype pumps is also reported.

1.

INTRODUCTION

S t i m u l a t e d B r i l l o u i n s c a t t e r i n g (SBS) i s o f i m p o r t a n c e t o
l a s e r fusion, since the s c a t t e r e d energy i s not a v a i l a b l e to
the compression p r o c e s s .
SBS h a s b e e n o b s e r v e d i n l a s e r p l a s m a
i n t e r a c t i o n s [ 1 , 2 ] , i d e n t i f i e d by t h e c h a r a c t e r i s t i c ion a c o u s t i c f r e q u e n c y s h i f t to . R e c e n t e x p e r i m e n t s h a v e d e m o n s t r a t e d
t h a t SBS p o s e s s e v e r e p r o b l e m s f o r t h e n e x t g e n e r a t i o n o f l a s e r

* This work was supported by US AFOSR Contract F490620-76-0012, DOE Contracts
DE-A503-76-SF00034 and DE-AC08079DP40016.
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T A B L E I. M I C R O W A V E V E R S U S LASER SCALING
w .T

w T

pi

s

E2/8TraKT

L/X
o

o

e

(v
x

/vj

o' ey

UCLA Microwave

10 2 -10 3

2-30

20-50

1-10

0.2-2

Nd Laser

(3-6)xlO2

80-200

50-100

10-100

7-10

C 0 2 Laser

(1-3)xlO3

70-200

15-400

10-10 3

10-10 3

fusion targets. The short temporal and spatial scales involved in laser-pellet fusion present serious obstacles to the
study of SBS. Therefore, we have performed microwave—plasma
interaction studies which are more amenable to a detailed investigation of the physics. Since the wavelengths and plasma
densities are so disparate for the microwave and laser cases,
it is appropriate to examine the scaling. Table I contains a
comparison of typical CO2 and Nd laser experiments with the
present microwave SBS study. Here Wpi(w s ) is the ion plasma
(sound) frequency, L is the interaction length, and v 0 (v e ) is
the electron quiver (thermal) velocity. The most critical area
in scaling has been W S T , Since low density laboratory plasmas
tend to be weakly ionized (n Q /n n ^ 1 % ) , one must operate with
short pulse duration T to prevent modification of the target
plasma via direct ionization. The experiments reported herein
with 0)ST * 30 begin to be sufficiently long that ion heating
can occur; follow-on studies will be performed with
Ü)ST * 60-150.
Here we report the first observations of SBS in microwave
interaction with plasma finding not only the frequency downshift in the reflected wave, but directly measuring the wavelength of the ion acoustic fluctuations. An interesting
feature of these experiments is that a small chamber reflectivity sets up ion fluctuations which then serve as an enhanced
noise level for the initiation of the SBS scattered wave. After an initial fast growth time, we find the SBS reflectivity
growth rate to agree with the classicial calculations 13].
We have observed a saturation of the reflectivity R at
- 5%, and tentatively identified the saturation mechanism as
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ion trapping for short pulse durations and to a combination of
ion tail heating and electron heating for the longer pulses.
We have also demonstrated that finite bandwidth comb type
(multiline gas laser) or random noise type (glass laser) pumps
can eliminate SBS.
2.

EXPERIMENTAL ARRANGEMENT

The experiments were performed in an unmagnetized plasma
of 75 cm diameter and 200 cm length. Typical parameters were:
n e = 10 1 0 -10H c m ~ 3 , L n = n | dn/dx | -1 - 4m, T - 2eV and
Te/T^ = 10-12. Various gases were used including hydrogen,
helium, neon, krypton and argon. Experiments were performed
at a number of microwave pump frequencies in the range 3 - 1 6
GHz, with peak powers up to 1 MW and T = 0.1 - 20us. The wave
was launched along the chamber axis by a high gain (= 20dB)
gridded horn, the radiation pattern of which gave an effective
interaction length of L = 70 - 120 cm. In order to avoid possible complications introduced by effects other than SBS, the
electron density was maintained at 0.1 of the critical density,

The incident and backscattered electromagnetic waves were
separated for detection using either a circulator or directional coupler, and fed into a square law detector for power measurements or a spectrum analyzer for frequency shift measurements. Ion waves were detected with movable Langmuir probes,
after the microwave pump is off, thus avoiding the problem of
rf pickup. For control of SBS, rf of variable bandwidth is
produced by mixing (in a doubly balanced mixer) narrowband rf
with either comb waveforms or white Gaussian noise passed
through an appropriate low pass filter. Here the bandwidth
arises from amplitude modulation. In addition, phase modulated pumps were obtained by modulating the helix of a TWT
amplifier.

3.

IDENTIFICATION OF SBS

In our experiment a small amount of light (- 1%) is scattered from the chamber back wall. A small power reflectivity
r can produce significant ripples in the standing wave power.
This ripple can set up transient density fluctuations (due to
the spatially dependent pondermotive force) which "seed" the
backscatter.
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The density fluctuations due to the finite chamber reflectivity are easily calculated. Assuming that an incident plane
wave of strength E Q is switched on at t = 0, the damped ion
acoustic wave equation with the appropriate pondermotive source
term yields for v « œ g (v the ion damping):
~ r 2 (v / v )

n/n

cos(2k x)

CD

l - e x p ( - v t / 2 ) cos to t

The solution c f ^ i S t s of a zero frequency component and two
damped traveling waves. Thomson scattering from the traveling
waves results in both red and blue-shifted components of the
backscattered radiation. The backscattered wave equation is:
2
3 ^ 2
+ w
ft

at

2 • "pe

- c

^

2 9
ft

3x

2

2

2 Í Es - "pe £~

V i n ( u t " V>

(2)

o

This yields for the backscattered redshifted wave which satisfies the frequency and wavenumber matching conditions for SBS
and the chamber endwall boundary condition E (x = L) = 0 :

E

s

= (to /2OJ ) 2 r^(v /v ) 2 E k (L-x)exp(-vt/2)
sin((w-w )t+k x) (3)
r
pe
o
o e
o o
s'
o

The pondermotive force driven density fluctuations of Eq. (1)
and the resultant scattered wave predicted by Eq. (3) occur on
the time scale w~ . For longer times, we expect continued
growth due to the usual SBS mechanism. From the discussion of
Forslund, et al. [3], after a time sufficiently long that a
scattered wave has time to traverse the system, one must solve
the spatial scattering problem. The growth rate is then

where y is the maximum growth rate for the temporal problem.
Comparing y to the ion damping rate, we obtain the threshold
condition. For our experimental parameters y - (1-2) x 10^
sec""l assuming a hydrogen plasma, v /v - 0.5 and to /2ir = 3.3

GHz.

°

e

°

In Fig. 1 the normalized density fluctuation level ri/n0,
observed at a fixed position, is shown as a function of incident pulse width. The pondermotive force driven density fluctuations are clearly visible in the low power He case in which
the SBS contribution is negligible. In contrast, at high
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level n/n0 as a function of time. The squares
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while the circles correspond to hydrogen
(v0/ve = 0.68). The inset shows the
measured tm versus fs = toJ2ir together
with the predicted OJS/2TT together with
the predicted U L = n curve.

powers (see H example) , SBS driven density fluctuations grow
from the pondanaotive force produced density fluctuations.
Note that n7n oscillates with a period of CD--*- as expected from
Eq. (1).
Equation (1) also predicts that the peak fluctuation level
occurs at the first turning point (w t = ir) with a value given
s m
by
(n/n )
= 2r2(v /v )
o max
o e'

(5)

The relation Wgt^ = ir has been quantitatively verified for a
number of ion species (see inset Fig. 1 ) .
Likewise, the
(v0/ve) dependence in Eq. (5) has been quantitatively verified
for various power levels, pump frequencies and ion species.
The r'2 dependence has been qualitatively demonstrated by artificially increasing the chamber backwall reflectivity. The
best fit to the measured maximum density fluctuation levels is
obtained for r = 0.6% which is consistent with the value of 1%
obtained from measurements of the power reflected back into the
launching horn.
The reflected electromagnetic wave is observed to oscillate
similar to the density fluctuation. At high power levels an
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increase in the level of the modulation occurs - 5usec after
initiation of the incident pulse. This is to be compared with
the calculated temporal growth rate for SBS of (1-2) x 10 5
sec--*-.
The density fluctuations generated by the standing ponder—
motive force can scatter the incident wave via ordinary
Thomson scattering. The red shifted portion of the scattered
wave acts as an enhanced noise level for the initiation of
SBS. Referring to Eq. (3), the power reflectivity R is given
by
R = (E /E ) 2 = (to /2o) )4(n/n ) 2 L 2 = ¿ r W n 2
s o
pe
o
o'
4 o
o

C6)

which is the equation for Thomson scattering from a coherent
density fluctuation, where r = e /mc = 2.82 x lO-1-^ cm is
the classical electron radius. Knowing the values of L, A and
nr we obtain a calculated reflectivity R = 0.1-0.6%. The
experimentally estimated value is R - 0.2% for t < 5 ysec and
R - 3% for t < 7 ysec. These values are consistent since SBS
is expected to grow from the original level with a growth rate
Y - 2 x 10 5 sec*"1,
s
Convincing evidence for the existence of SBS is obtained
by verifying that the energy and momentum selection rules,
w 0 = u>s 4- u>k and ko = fes + j£b a r e satisfied. The momentum
selection rule is seen to be well satisfied for a variety of
incident wave numbers (kQ = 0.7, 1.15, 1.8, and 1.97 cm -1 ) and
ion species (H, He, Ne, Ar, and Kr). The experimental value
of k s is determined from the wave phase velocity and frequencymeasured by an axially movable Langmuir probe.
Below threshold for SBS, the reflected wave spectrum is
identical to the input pulse. However, once the incident
power exceeds a definite threshold value, a red-shifted component of the reflected wave is observed to occur with a shift
equal to the ion acoustic frequency. Typical frequency spectra
of the incident and reflected waves are shown in Fig. 2(a)y (b)
for a hydrogen plasma with T = 20ys (COST - 25) and P = 400 kW
(vQ/ve - 0.78). Since the reflected wave is a combination of
the incident wave, phase modulated reflected wave, and the SBS
scattered wave, as well as the Thomson scattered wave there is
in general both a red and a blue-shifted component. The significant enhancement of the red-shifted component is strong
evidence of SBS (energy selection rule). Further confidence
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3.3 GHz

FIG.2. Spectrum analyser traces of incident (a) and reflected (b) microwave signals
(H, OJST = 23, v0/ve0 s 0.63). Predicted (c) spectrum using Aurus computer code.

in the identification is gained by examining the predictions of
a computer simulation using the same experimental parameters as
employed for the data shown in Fig. 2(a), (b) . Figure 2(c) displays the predicted spectrum using the Aurus SSS computer code
[4], The level of the redshifted component is seen to be in excellent agreement with the experimental data. In addition, the
predicted time history of the scattered power is also in agreement with the experiment. Upon further increase in power, the
level of the red-shifted component increases and also becomes
broadened and more turbulent. Figure (3) displays the spectrum
for the conditions of Fig. (2) but with the power increased to
600 kW. The nonlinearity is evident; the computer code requires v/cijg to be increased by a factor of 2-3 to obtain agreement with theory. As will be discussed later, the peak ion
wave amplitude of 5% begins to approach the trapping limit

C* 13%).
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Incident
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600 kW

Reflected
Wave

div
FIG.3. Incident and reflected spectra (H, COST = 23 and v 0 /v e0 = 1.4).
Centre frequency: 3.3 GHz, horizontal scale: 100 kHz/div., vertical scale: 5 dB/div.

4.

SATURATION

The density fluctuations driven both, by the pondermotive
force term and by SBS are observed to saturate (actually decrease for long pulses in the case of SBS) with increasing
power. We have therefore devoted considerable effort to isolating the saturation mechanism(s). This must be done for the
two different time scales. Let us first consider the case of
short time phenomena where SBS is negligible. Figure C4)
clearly shows the saturation of the reflectivity with increasing pump intensity (O>ST = 4) . The various proposed saturation
mechanisms can therefore be examined in light of our experimental measurements.
Phillion et al. [2] have suggested that long-term ion heating could saturate the level of the backscattered electromagnetic radiation due to Landau damping of the ion waves. In SBS, a
small fraction of the incident wave energy is transferred to
the ion waves which are then damped by ion Landau damping.
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FIG.4. Reflectivity versus incident power
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Following their expression, an upper bound on the ion heating
rate can be estimated from the equation.

dt

(n T.) =
ox

Aw
AL

where Aco/w = 2k c /a is the fraction of the reflected wave
. °
o, s .o
,
..
energy given to the ion waves and r is the reflectivity. irora
the above equation we estimate that a pulse width of T - 10 —
60us (60us for argon and lOys for hydrogen, Ü)ST > 12) is required for the observation of significant ion heating. However, if one performs a kinetic calculation, the actual main
body heating rate is found to be approximately an order of magnitude slower than the above estimates. Thus, ion main body
heating is not expected to be an effective saturation mechanism
for our present parameters. In addition, energy analyzer
measurements were made and showed the expected lack of main
body heating. However, for the shorter pulses (W S T - 6 ) , a
small population of trapped ions was observed to be produced
by the rf pulse. Therefore, saturation via the effects of
trapped ions is a likely candidate for the shorter pulse durations. For the longer pulses, preliminary measurements indicate that significant ion tail heating occurs.
Kruer and Estabrook [5] have proposed that the backscatter
can be limited by a saturation of the ion waves due to trapping,
Using a water-bag model for the ions, they predict that
(îï/n )
i s given by
to
J
o max
T. n %

(S/n )
o max

2

{

T

e

- [ 3 V T e]' a
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which yields C S / n 0 ) r a a x = 13% for T e / T i = 10-12. This value
(rT/n 0 ) m a x is essentially a greatest upper bound and is approximately a factor of two to three times larger than our observed
(rT/no) = 5%.
Finally, Ikezi et al. [6] have observed both experimentally and numerically nonlinear frequency or wavenumber shifts in
ion acoustic waves which are due to trapped ions. This shift
can limit SBS to densities below that given above by moving
the ion frequency out of the resonance region which is quite
narrow (_- 8%) for our parameters. Using their Eq. (28) obtained from a kinetic treatment of the ions we estimate a
limiting density fluctuation level n/n 0 - 3.5% which is in excellent agreement with our observed value. Work continues to
see if this agreement is meaningful or only fortuitous. In
addition, saturation via orbit modification 17], also appears
to be consistent with the observed values.

For longer pulses, SBS is the dominant mechanism and the
saturation appears to be quite different. As shown in Fig.
(5), the reflectivity actually decreases for increasing pump
intensities. Using the simple energy balance model described
earlier we expect the ion temperature to quadruple on this
timescale. This would manifest itself as a greatly increased
ion damping term and would explain the decrease in density
fluctuation level and associated reflectivity. This hypothesis
at first appears to be supported by the experimental results.
As shown in Fig. (6), the acoustic wave period increases as
time progresses in the rf pulse. If we assume that the total
increase is due to ion heating we obtain excellent agreement
with the predicted ion heating. However, as mentioned above,
kinetic calculations and energy analyzer measurements do not
support this hypothesis. In addition, electron heating would
result in a similiar frequency increase and would help to explain the observed decrease in reflectivity due to the reduction in v 0 / v e . From Fig. (6), we estimate the electron heating to be = 75%. This is consistent with the measured value
of 35% (same parameters) obtained 5 psec after rf turn-off and
after some cooling had occurred. The predicted electron heating (and therefore the time dependent reflectivity) can be
simply estimated from the inverse bremsstrahlung absorption on
the neutrals as long as the plasma heat capacity is properly
accounted for. Such a calculation yields, for example, a predicted increase in T e of 67% for the above parameters. The
above mentioned reductions in v 0 / v e therefore help to reduce
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the reflectivity from the value it would have assumed without
electron heating. However, they do not appear to be sufficiently large to explain the overall decrease in reflectivity.
As mentioned previously, ion tail heating is also observed
for the longer pulse». For example, a tail containing 5-6% of
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the ions is measured for a 15us duration pulse in H with P =280
kW (v 0 /v e - 0.7). Using the simple estimate of Kruer and
Estabrook [5] for the additional damping due to tail formation,
we obtain (v/ws)tail ~ 0.04 which represents a nonnegligible
increase in the ion damping.

5.

CONTROL

Since SBS is such a serious instability we have begun an
investigation into means for its control. Specifically, we
are studying the use of finite bandwidth pump sources to reduce
the growth rate and level of the associated backscatter. Finite bandwidth control appears to be particularly effective for
short pulse experiments where the major source of backscatter
is associated with the standing pondermotive force driven density fluctuations. In the case of the short pulse experiments
a physical picture of the control mechanism is easily obtained.
Basically, reduction in backscatter occurs because the standing pondermotive force pattern becomes significantly distorted
or even "washed out" by finite bandwidth. To see this, for
simplicity, consider two sinusoidal waves with 3% frequency
difference and the same boundary condition at the far wall of
the chamber. The phase mismatch from the chamberwall to the
center of the interaction region will be
A<f> = Ak£ - 3 or * 172° for Af/f

* 3%
o

Several types of modulation sources have been employed in
the studies of finite bandwidth control of backscatter. Comb
amplitude modulation has been employed to simulate multi-band,
multi-line CO? or HF lasers. The effects of random phase modulation of the pump (simulates finite bandwidth glass lasers)
have also been investigated. Finally, coherent sinusoidal
phase modulation has also been employed.
Figure (7) displays the plasma reflectivity as a function
of the bandwidth of a noise phase modulated pump (COST - 3) .
In these measurements the residual AM modulation was < 10%.
The reflectivity is seen to decrease exponentially with bandwidth. Amplitude modulated pumps yielded similiar results. In
the case of the random phase modulated pump the reflectivity
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FIG. 7. Reflectivity versus bandwidth of
random-phase-modulated pump (OJ T = 3).

4f/f„ (%)

can be calculated analytically (using a Kubo-Anderson model
whereby after a time T - (Aw)-l the phase jumps randomly between 0 and 2ir) yielding r <* exp(-2Aüi£/c) where t is the distance from the chamber wall to the center of the interaction
region. This dependence is plotted as the solid line in Fig.
(7). Similiar reductions are obtained for the long pulse experiments (wgT - 23) .

6.

SUMMARY

In summary, during the past year we have observed, for the
first time, stimulated backseattering in a microwave-plasma
interaction. The initial scattering is consistent with a simple model of pondermotive force induced density fluctuations
produced by a partially standing electromagnetic wave. For
O) S T- v a transition to SBS in the weak coupling absolute instability regime is observed. Saturation of the SBS induced
density fluctuations at rï/n0 - 3-5% occurs. Preliminary measurements point to ion trapping as the saturation mechanism for
short pulses and a combination of electron heating and ion tail
heating for long pulses. Finite bandwidth is seen to be an
effective means of reducing the backscatter.
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DISCUSSION
B.I. COHEN: Have you seen any evidence of filamentation?
N.C. LUHMANN: No, but we intend to increase the damping artificially so
that we do see some. At the moment, L/X0 is about 10, but we can go up to
about 100.
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THEORETICAL INERTIAL
CONFINEMENT STUDIES
S. CUPERMAN, I. KELSON, B. LEVUSH
Department of Physics and Astronomy,
Tel Aviv University, Ramat Aviv
M. ROSENBLUM
Soreq Nuclear Research Center, Yavne,
Israel
Abstract
THEORETICAL INERTIAL CONFINEMENT STUDIES.
Two problems of great importance for inertial confinement research were investigated
theoretically, and a summary of the results is presented. The first problem concerns the
determination of the optimum conditions for ion beam-pellet fusion when a more rigorous
time-dependent particle-tracking algorithm for slowing down the bombarding ions is used.
The second problem considers the effect of non-Maxwellian particle distribution functions on
the slowing-down rates of a-particles resulting from thermonuclear reactions.

A.

PARAMETRIC INVESTIGATION OF ION-BEAM/DT-PELLET FUSION
USING A TIME-DEPENDENT PARTICLE-TRACKING ALGORITHM FOR
THE SLOWING DOWN OF THE BOMBARDING IONS

In order to determine more realistic optimum conditions
for ion-beam/DT-pellet fusion by numerical simulations, we
modified and developed the Code Meduza 1 [1,2] (initially
designed for laser-pellet fusion) in the following sense:
i) We replaced the physics and mathematics appropriate for
laser-pellet interactions by those required for ion-beam/
pellet interactions ; and ii) we developed a rigorous timedependent particle-tracking algorithm for the slowing down
(energy deposition) of the bombarding ions. (A similar
algorithm has been used by Moses [3] for tracking the
reaction products in laser-pellet fusion).
The use of such an algorithm represents a significant
improvement over the simple time-independent algorithm based
on an "adiabatic" approximation to the time-dependence of the
slowing down (e.g. Clauser [4], Brueckner and Brysk [5] and
Jarvis [6]). The two basic features of the algorithm developed
are as follows:
(a) The use of a time-dependent approach to the energy
deposition. This is an improvement over the adiabatic approach
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in which the finite time of slowing down has been neglected;
that is, a "train" of ions moved through the hydrodynamical
zones until thermalization occurred,even though the slowingdown time was greater than the hydrodynamical time step.
(b) The use of adequate expressions for the energy deposition
corresponding to three different stages in the beam evolution,
namely, ye » 1; ye - 1 and ye « 1 (ye = v/v e>th ;
v =• residual velocity of the bombarding ion; v e t ^ = thermal
velocity of the target electrons). This is in contrast to the
procedures in which, for mathematical simplicity, expressions
corresponding to the regime ye « 1 are used through the
thermalization of the bombarding ion.
The pellet used in this work consists of a neutral plasma
comprised of electrons and a 50-50% deuteron-triton mixture.
Each of the electron and ion (having effective charge Z and
effective mass M) components is treated as an ideal gas subsystem having distinct characteristics (e.g. T e ¿ T¿, e t c ) ;
the streaming velocity is considered to be identical. The
initial pellet conditions are: radius, RQ = 1 mm; density,
P 0 = 0.124 g/cm3; and temperature, Ti = T e = 10 3 K. The
incident ion beam consists of a spherically symmetric flow of
fast ions impinging on the pellet and has a laser-like time
profile, P = P0*(l-t/t0)~2. The monoenergetic beam-ions
behave like "test" particles which interact with the pelletplasma particles through Coulomb collisions.
The results of the full numerical calculations are represented in Figures 1 and 2. The first conclusion is that
the use of a time-dependent algorithm for the calculation of
the slowing down of the bombarding ions has the role of reducing the thermonuclear yields below the values predicted by
the approximate time-independent algorithm. This is seen in
Fig.l, for both deuteron and alpha-particle beams. The false
(faster) evolution predicted by the crude model is also illustrated in Fig.2. After the same time has elapsed, the front
of the beam is found to be at about 0.1 R0 (for the approximate model) rather than at about 0.7 R0, where RQ = the
initial pellet radius; the stopping power due to the interaction with electrons is about eight times larger than
the correct model, and that due to the interaction with ions is
about 35 times larger than given by the correct model.
Finally, the resulting yield is about 210, which is to be compared with the value 81 predicted by the accurate algorithm.
The second conclusion is that for given initial power
(all other parameters being also fixed) there exists a rather
large range of initial kinetic energy of the bombarding ions,
E¿, leading to relatively large yields (see Fig.l). When the
E¿
values are too small, insignificant compression of the
pellet occurs; when the E^ values are too large, premature
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(a) Radial profiles of the stopping power due
to the interaction of the deuteron beam with
target electrons, (1/p) (dE/dX)e and target
ions, (Up) (dE¡dX)-x, respectively.
(b) Radial profiles of ion temperatures.
(c) Radial profiles of mass densities.

compression and/or crossing of the target and escape of the
bombarding ions take place. In both cases too-small yields
are produced.
The third conclusion is that when heavier ions, namely
alpha-particles, are used to bombard the DT pellet (keeping the
beam power constant), it is found that, as in the deuteron
beam case, a relatively large range of initial kinetic energies
providing significant thermonuclear yields exists. However,
this range is displaced toward higher energy values; the maximum yield occurs for a kinetic energy value of 2 MeV, which is
about four times that found for the maximum yield in the
deuteron beam case (see Fig.l).
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B.

THE SLOWING DOWN OF CHARGED PARTICLES IN SUPRATHERMAL
ELECTRON DISTRIBUTIONS

1.

Introduction

In this part of the paper we deal with the effect of nonMaxwellian distributions on the slowing down of charged
particles. The physical situation for which this is most
relevant is the formation and expansion of a thermonuclear
burnwave in deuterium-tritium pellets, in which a-particles
from a reacting region deposit their energy in the surrounding, relatively cold, non-burning plasma. We shall concentrate
only on the microscopic effect on the slowing-down process itself. We treat the problem in the following way: In Section 2,
mostly by way of reviewing, we deal with the contribution to
slowing down of a single spectral component. Namely, we consider an isotropic distribution of monoenergetic field
particles. In Section 3, we take explicitly a distribution,
suggested by Lindl [7] having the following dependence on
velocity w, and on an "effective temperature" T g :

f(">-A«p[-*(-^)*]
2.

Slowing down by a monoenergetic

cu

isotropic distribution

Let us consider a test ion of mass M and charge Ze,
travelling with velocity v in the laboratory frame1, through
a medium containing particles of mass m and charge ze.
Let f(w) be the density of the field particles per unit
volume and per unit velocity, so that their number density p
is given by p = / f(w)dw. The contribution of the plasma
particles at velocity vf to the rate of energy loss by the
test ion is given by

where u = m/M is the mass ratio, and Un A is the usual
Coulomb logarithm.
_^
Let us assume that f(w) is isotropic and integrate over
all possible directions of "w\ It can be shown in a rather
straightforward manner that the contribution of particles
with given |w| to the energy loss per unit length is given by
1

Throughout this paper we use the notation of Butler and Buckingham [8].
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g¡ . - J g í ^ / M (•£)>)

(s)

v>w

= u^(2^) l U(^){M

c¿X V<w

•"•

W

where we have used this more physically meaningful representation, instead of the energy loss per unit time. At the
singular point where |v| = |w| we get

d

«V=vJ

We now select not only an isotropic but also a monoenergetic
distribution of the field particles, with velocity |w| = w :
->-i

o

ftt)"fM-$~pí( w -w.)

(6)

We obtain from eqs (3) and (4) the following result upon
integration:

asi

^JÎ±(^UA-L

= 4(^^¿

V<"a

i^ > ^

-

w0v

(8)

The above equations indicate the solution to the following optimization problem: let us suppose that a given amount
of energy is to be shared by a given number of particles in a
certain volume. How should the energy be distributed (isotropically) so that the slowing-down rate of a test particle
is maximized? The prescription is rather obvious: invest the
entire energy in the smallest number of field particles
possible. These highly energetic particles will contribute
minimally to the acceleration, while the rest of the particles
will decelerate it in proportion to their number density. Thus,
the existence of a suprathermal component, which roughly mimics

CUPERMAN et al.

764

this very extreme distribution, will generally result in an
increased stopping rate, for a given total energy density. We
shall return to this aspect, in a more quantitative way, later.
5.

Slowing down by suprathermal electrons

The relaxation of the requirement for local thermal
equilibrium opens up, as we have pointed out already, a whole
spectrum of possible velocity distributions. The selection of
any particular distribution is therefore quite arbitrary. In
this section we follow the suggestion of Lindl [7], and consider the special distribution of eq.(l).
To get the stopping power for this distribution, we
substitute f(w) from eq.(l) into eqs (3) and (4) and integrate
over w, getting

The term in the square brackets is proportional to the commonly
used function G(x), defined for slowing down by Maxwellian
distributions [8]:

G O O M ^ ^ - *C'**0¿"*

(io)

Taking into account the difference in the multiplicative coefficients, we may define a function H(x), fully equivalent
to G(x), through
^
x r> f
,1 -&*x
HW»H(f)*-S(¿ **.\J,
H) + p^,)^K(u^]^

(11)

The function H(x) describes the dependence of the slowingdown rate on the particle velocity v, apart from the explicit
dependence through the energy E in the coefficient in eq.(9).
The term av//s is equivalent to v/wt, where w t is the average
thermal velocity for a Maxwellian distribution. The equivalence is defined so that the mean energy per field particle is
the same for both distributions. The relationship between a
and the mean velocity of the suprathermal distribution, w s , is
given by

W

s5^a

C12)
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FIG.3. Comparison of the slowing-down
functions G(x) for Maxwellian distribution
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It is worth noting that,unlike G(x), the function H(x) can
be expressed in a closed analytic form. The functions G(x)
and H(x) are plotted in Fig.3 for the range 0 $ x £ 2.8,
where the mean energy (in keV) for a-particles slowed down by
electrons E, is given by

E=

012

IceV

(13)

It can be seen from Fig.3 that for values of x below about
0.6 (namely for mean energies above 2 keV) H(x) is at least
twice as large as G(x). Consequently, slowing down by suprathermal distributions, in the relevant range, is much more
effective than slowing down by a thermal distribution of field
particles.
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DISCUSSION
J.P. CHRISTIANSEN: With reference to your first set of calculations on
a-particle and deuteron bombardment of a target, I would like to ask if you have
studied similar interactions involving high-Z ions.
M. ROSENBLUM: No, the calculations have so far been made only for
low-Z ions.
G. LEIRA: Have you studied the effect of different pulse profiles?
M. ROSENBLUM: The only profile used in the calculations was the following:

P 0 =6.63 X 109W-sr_1
t 0 = 25 ns
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SUMMARY
ON MAGNETIC-CONFINEMENT EXPERIMENTS*
M.S. RABINOV1CH
P.N. Lebedev Institute of Physics,
Moscow, Union of Soviet Socialist Republics
INTRODUCTION
As a result of well-organized co-operation in controlled nuclear fusion
research, each day sees the rapid spread of knowledge and results gained in this
field throughout the world. Thus, the knowledge is steadily accumulating.
However, perhaps for psychological reasons, views on the status of the problem
change rather abruptly. With the same corpus of knowledge, we are now
beginning to recognize clearly the nature of a problem which was shrouded in
mist only yesterday, and yet tomorrow we may be unable to believe that the
mist ever existed. One eminent English writer, I believe, neatly expressed this
thought in an aphorism to the effect that every truth enjoys only a brief moment
of triumph between one period during which it is rejected as a paradox and
another during which it is accepted as trivial. To experience these brief moments,
we gather together at IAEA Conferences which afford us so much joy.
I shall, in the following, attempt to give an objective answer to the
question: What changes have occurred over the past two years in the main
experimental data, techniques and approaches and how have opinions evolved
regarding experimental research on magnetic-confinement fusion?
I shall seek to break my answer down into the following five parts
corresponding to the five sections: 1 — tokamaks, 2 - high-frequency heating,
3 - open confinement systems, 4 - low-beta toroidal systems, and 5 - highbeta systems.

1.

TOKAMAKS

Tokamaks have gained in importance within the field of controlled nuclear
fusion, and the differences between them and other systems have increased.
The reason for this is the successful overcoming of difficulties and obstacles
in the tokamak programme. The last two years have been as fruitful for tokamaks
as the preceding years: not all parameters have increased, but a qualitative
change has been observed, as is illustrated in Table I and Fig.l.
* This summary talk was also published in Nucl. Fusion 20 12 (1980) 1617.
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TABLE I. CHANGES IN THE MAXIMUM PLASMA PARAMETERS
IN TOKAMAKS BETWEEN THE 6TH AND 8TH IAEA CONFERENCES
1976

1978

1980

Ion temperature on axis,
Ti(0)(keV)

1.8-1.9
Ormak, PLT

5.5
PLT

7.1 ±0.3
PLT

Energy confinement time,TE(ms)

40-60
T - 1 0 , PLT

80-100
PLT

no change

Lawson parameter
nrE(cnf3,s)

1.5 X 1 0 1 3
Alcator

3X1013
Alcator

no change

Safety factor, q

4 - 5 (normal)
2.2 ( T - 1 1 )

2.2-2.5 (for many
tokamaks)
1.3-1.7 (DIVA)

2
DIVA, T - 1 0 , T - l l ,
Tosca, PDX, etc.

Effective charge, Zeff

3 - 5 (normal)
1-1.3 (Alcator)

1-2 (normal)

1-2 (normal)
1-2 (in prolonged
discharges),
PDX, ASDEX

Significant values of
thermal 0(0) on axis (%)

1
Doublet IIA

5
T-ll

8-9
T-11,ISX-B
JFT-2

T¡ (eV)
10'

T¡ =ce<'3'

PLT

//

/

ORMAK
TFR

'TFR
T-3Aj i^T-¿
T-3

/•T-2

TMP,
101

B56

1960

1976
t

1980

FIG. 1. Increase in T\ during the last few years.

In addition there have been considerable changes in our ability to control
the behaviour and parameters of the plasma. Further progress in this direction
has been prepared in the form of devices offering new possibilities, such as, in
particular, the already operating ASDEX device, as well as PDX and DOUBLET III
(paper A - 3 , N - 3 , X - l ) .
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Let me begin by listing the most important results obtained with tokamaks
during the last two years and then go on to comment on them:
( 1 ) The achievement of high /3(0) and <(3>av under conditions where
theory predicts a ballooning instability (T—11, ISX-B, JFT—2, etc.)
(N-l.N-2, T-2-3);
(2) Further information on poloidal divertors, operating during long
discharge times (ASDEX, PDX, Doublet III, etc.);
(3) Proof of the existence of the Ohkawa current, induced by neutral
beams on the DITE device (N-4);
(4) All-round improvement in tokamak parameters; work with low
safety factors q on many tokamaks (A-2, N—2, N—1, X - 4 - 1 ,
T-2-3).
(5) New details concerning phenomena in the tokamak discharge:
(a)

demonstration of the existence of neoclassical ion thermal
conductivity in the deep collisionless region (v* ~ 10 -2 ) with
a factor of the order of ~ 3 . Existence of a Maxwellian plasma
at Tj = 7.1 ± 0.3 keV (PLT) ( A - l ) ;
(b) investigation of superbanana particle losses on TFR during ion
cyclotron heating (N—5);
(c) new phenomena in internal modes of the disruptive instability
on TFR (occurrence of a temperature drop in the discharge
centre after internal disruption) (N—5);
(d) concentration of impurities in the magnetic field line reconnection
region of the tokamak T—10 (A-2);
(e) the link between fluctuations and anomalous transport
(TFRHN-5);
(6)

New scalings:
(a)

the Alcator scaling questionable at high densities
(ïïe > 2.5 X 10 14 cm - 3 ) (N-6);
(b) new local scalings: dependence of thermal conductivity on the
major radius R and the toroidality r/R (scalings of Merezhkin
and Coppi (A-2, N-2));
(7) Achievement of an ion cyclotron heating efficiency (PLT, TFR and
DIVA) equivalent to that of neutral heating under power conditions
comparable with Ohmic-heating power ( D - 3 , D - 5 - 1 , D - 5 - 2 ) ;
(8) Achievement in lower-hybrid heating (JFT—2) of results equivalent
to those for ion cyclotron heating ( T - 2 - 3 ) ;
(9) Confirmation of the rather strong dependence of the energy
confinement time on the mass of the majority gas of the discharge
(X-l).
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TABLE II. PARAMETER 0 = 8TTP/B? FOR
FOUR DEVICES
Paper

Device

«0)

<0>

Aj3(0)b

A<0>b

P
(kW)

N-1

ISX-B

8%

2.2%

3%

0.5% •

1700

N-2

T-ll

9%

2-2.5%

T-2-3

JFT-2

7%

2.6%

X-4-4

TOSCA

6%

-

3%

0.4%

-

600
1200
0

The achievement of high (5 is one of the most inspiring results, which
might be due to the fact that the tokamak programme includes devices that
differ widely in their parameters and dimensions, as well as research workers
who think and act in different ways. Table II gives the maximum j3 values
for four devices.
Here, /3(0) is the thermal toroidal |3 at the centre of the device; (¡5) is j3
averaged over the plasma volume, P is the neutral-injection power, and Aj3(0)b
and A<j3>b are beam-related corrections. It should be noted that, in the first
three devices at any rate, the theoretical limit of the ballooning-mode instability
is exceeded. In this context, I should like to recall the not entirely trivial saying
of G.I. Budker that the results of a correctly set-up experiment should agree
with the results of a correct theory.
Our ability to control the plasma parameters is largely an ability to
control impurities. This was demonstrated in many tokamaks when changing
to a low-q operating regime, which is achieved either by deep cleaning of the
chamber walls (gettering, glow discharge, Taylor discharge, divertor and
combinations of these), or by means of a limiter or divertor drastically limiting
the discharge. It would appear that effective methods of controlling impurities
without a divertor can, in fact, be developed for existing and future experimental
fusion devices. However, the reactors will probably require a divertor for more
than just impurity control. In this context, we may take note of a new branch
of fusion research: divertor plasma research, which has its own methods and
terminology.
The work done by the DITE group shows that a bundle divertor efficiently
screens heavy impurities without screening the light ones (ñ ^ 1.5 X 10 13 cm - 3 )
(see X-3). At the Conference in 1978 the successful operation of the poloidal
divertor on the small devices DIVA and T - l 2 was discussed, and new data have
been obtained for the present Conference (see X—2— 1, X—2-2). Research
has now reached a completely different level where divertor action can be
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TABLE III. ANALYSIS OF EFFECTIVE IMPURITY
CHARGES (Z\ü = Z] ni /n e ) BY X-RAYS IN PDX IN
CASE OF OHMIC HEATING ONLY
Data for circular plasma configuration without
divertor and inverse D-configuration with divertor
are compared
Density.
Effective charges of
impurities

With divertor
(inverse
D-configuration)

Without divertor
(circular
configuration)

ñe

3.3Xl013cm"3

3.8Xl013cm"3

Z ..(chlorine)

0.003

0.1

Z^ ff (titanium)

0.005

0.1

Z

eff

0.001

0.1

Z

eff ( o x ys e n )

0.06

0.2

Z ! eff (carbon)

0.04

0.09

Z' eff (hydrogen)

0.99

0.93

1

(ir

°n)

Z (from X-rays)

1.1

1.6

Z (from conductivity)

1.06

1.9

studied for as long as three seconds (ASDEX). On this device, the heavy-impurity
content, and, by gettering, the light impurity content as well, were successfully
reduced by an order of magnitude, making it possible to achieve a stable
prolonged discharge with q ~ 2, a high average density and Zeff ~ 1. Interesting
possibilities for studying divertors have been presented by the Doublet III
device. The PDX device allows work with long energy confinement times and
high densities (see X—1).
Table III illustrates the reduction of impurities by means of a divertor on
the PDX device.
A highly important new achievement is the convincing demonstration of
the existence of the Ohkawa current in neutral injection on the DITE device
(N-4). There is no room to discuss the technical implications of this
demonstration here, but it constitutes further proof of how ingenious a concept
the tokamak is.
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FIG. 2.

1 /q(a) and q(a) versus ñe R/H0.

In the light of the achievement of record reduced densities on the PDX,
DITE and Alcator devices, I should like to refer to Fig.2, which presents the
values of the reduced densities ñ e R/H 0 (Murakami parameter), and to recall
the story of the achievement of high plasma densities in tokamaks.
In the 1970s it was feared that the tokamak would not work at high plasma
densities because of the disruptive instability. It was first demonstrated on
Alcator A that the plasma density could be raised quite smoothly (from 1013
to 10 14 cm - 3 over 100 ms) using high magnetic fields and the gas injection
technique. Soon after it was understood that the effect was due not to the
high magnetic fields but to the high heating power, and on Ormak high plasma
densities were obtained with low magnetic fields, but high neutral-injection
power. In 1977, it was demonstrated on T - l 1 and DITE, and later also on
ISX-A and DIVA, that it was possible to work with high plasma densities
at low heating power, although either improved cleaning of the chamber wall
or a divertor was required for the purpose. Thus, the above-mentioned diagram
is first of historical significance, describing the situation when the only type
of heating was Ohmic, and, second, shows how the neutral-heating power affects
the plasma density. It would appear reasonable to introduce a new reduced
density: instead of the Murakami parameter ïïe R/H 0 , we could write n e A/W,
where W is the power density for all types of heating.
The generally encouraging state of research on tokamaks is marred by one
dark spot — the problem of the disruptive instability, which remains unsolved
in spite of the enormous progress made so far. New facts have emerged at the
present Conference: the concentration of impurities near the phase change
boundary for sawtooth oscillations observed on the T—10 device (A—2) and
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the very interesting observations on change in temperature profile during disruption
in the TFR (N-5), which do not fit into B.B. Kadomtsev's generally accepted
magnetic-field-line reconnection model. What happens is that after the end of
the internal disruption a temperature minimum develops at the plasma centre,
which cannot be explained by mixing of the plasma after field-line reconnection.
Powerful neutral injection is observed to produce an increase in MHD-activity.
Could this be due to the reduction in the energy confinement time during neutral
injection which is observed on TFR, but not on T-l 1 and ISX-B? More
probably the difference in the results arises from differing vacuum conditions
in these devices.
Questions related to scaling continue to be the centre of attention, in spite
of the prevalence of the Alcator scaling for some years. At this Conference, the
Alcator group has pointed out (N—6) the breakdown of the Alcator scaling
(i.e. disruption of the proportionality between energy confinement time and
density) for ïïe > 2.5 X 1014 cm - 3 , but it is too early to come to a final conclusion.
It may be time to pass on from global to local scalings, somewhat different from
the local Alcator scaling, but in agreement with its overall value. In Ohmic plasma
heating many different scalings coincide. In fact, to the extent that the energy
confinement time T£ ~ n e T/(j 2 /a) ~ n e T 5 / 2 /I 3 (where o is the conductivity and
I the discharge current), the two scalings
TE = f(I,ne

)

and
_m

>r/f(I,ne...)l

2

\

coincide, where f is a scaling obtained in any experiment, and F is an arbitrary
normalized function of fI 2 /(n e T 5/2 ). As powerful non-Ohmic heating methods
emerge, considerable agreement in the choice of scaling becomes apparent.
For this reason, I should like to draw attention to the Merezhkin scaling (A-2 and
N—2) as perhaps the first attempt in this direction. This scaling introduces
an explicit dependence (of the thermal conductivity coefficient) on the major
radius and aspect ratio. This dependence may be due to the different physics
of transport and convection phenomena in various parts of the discharge.
After all, anomalous phenomena are associated with quiescent convection
or fluctuation. On the TFR device (N—5), it has been possible to demonstrate
a similarity between anomalous transport produced by measured fluctuations
and experimental data. Of course, the model used for the transition from
fluctuations to thermal conductivity on the TFR cannot be considered entirely
adequate, but the observed tendency of theoretical and experimental data to
converge for the first time points to an encouraging trend.
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TABLE IV. PARAMETERS AND EFFICIENCY OF HEATING BY ION CYCLOTRON
RESONANCE (ICH) AND LOWER HYBRID (LHH) METHODS

Method

Paper

Tokamak

Heating
efficiency
(lO^cnf^kW^-éV)

AT¡
(eV)

(nAT¡)max
10 16 eV-cm~ 3

P
(kWof
HF power)

Mean HF
power
density
(W-cm - 3 )

o
O

as
w

ICH

D-5-1

PLT

6

1200

4

600

0.15

ICH

D-5-2

DIVA

3

430

3

115

1.3

ICH

D-3

TFR

5-6

3

400

0.5

ICH

D-4

Erasmus

0.3

0.06

320

0.6

LHH

T-2-3

JFT-2

3

2

320

0.23
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HIGH-FREQUENCY HEATING

In addition to the advances in neutral heating ( A - 1 , N— 1, N—2, T-4),
the potential value of HF-heating methods has been described at this Conference.
The greatest progress was achieved during the last two years in the development of ion cyclotron heating in the tokamaks PLT, TFR and DIVA (D—3,
D - 5 - 1 , D - S - 2 ) . The reasons for the highly effective heating of a plasma by
a fast magneto-acoustic wave in a two-component plasma containing a mixture
of hydrogen and deuterium (and also 3He in the PLT experiments) seem to
be clearly understood. The heating is due either to a resonance for a minor
impurity (for a low concentration of it) or to ion-ion hybrid resonance. By
selecting the optimum concentration of impurity ions it has been possible, first,
to obtain high heating efficiency and, second, to limit the deleterious effects
of intruding gas and extraneous impurities. It should be remembered that the
successful input of very high power was made possible by the great efforts
devoted to developing special antennas.
In lower hybrid plasma heating in the Wega, FT—1, JFT—2 and Alcator A
tokamaks, heating results at a power level of 100-200 kW have been obtained;
this is comparable with the power of Ohmic heating. The main outcome of
these experiments has been the conclusion that very high efficiency in energy
input into the central zone of the plasma could be achieved in an optimum
wave excitation regime. The best results in limiting the effects of gas and
impurity intrusion have been obtained on the Japanese tokamak JFT—2 (T—2—3)
at a power level exceeding 200 kW.
Experiments at higher power inputs have been undertaken in a number
of devices (Wega, FT—1, Alcator A, Petula, etc.); it has been shown that
efficient energy input is possible through a waveguide grill source with an
energy density of 5-10 kWcm" 2 ( T - l - 1 , T - 2 - 2 ) . This limit is sufficiently
high for reactor-scale applications.
Table IV summarizes the results reported at this Conference on heating
by ion cyclotron and lower-hybrid resonance. The final testing of ICH and
LHH will take place in the immediate future, when the HF heating power will
be significantly greater than Ohmic heating power, and it will become possible
to advance from the study of ICH and LHH to their use for obtaining a
high-temperature collisionless plasma.
Few papers have been presented at this Conference on electron cyclotron
heating. There is deep interest in the question of the limiting density at which
electron cyclotron heating is feasible. For this reason experiments have been
performed with the FT—1 and ISX—B tokamaks on introducing an unusual wave
from a strong magnetic field in order to reduce refraction of the wave. High
heating efficiency has been obtained at a plasma density close to the critical
value and even above it. Further progress will depend on the development
of gyrotrons with a power of up to 1 MW.
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OPEN CONFINEMENT SYSTEMS

The key problem for open traps is still the suppression of end losses. The
most attractive open trap is a system based on producing an ambipolar potential
well for ions (TMX, Gamma-6, Phaedrus, Ambal) ( F - l , F - 2 - 1 , F - 2 - 2 ,
F—3, F—4). On the Gamma-6 and TMX devices the effect of the ambipolar
potential on longitudinal plasma losses has been demonstrated ( F - l , F—2—2);
it has been possible to increase the plasma confinement by a factor of nine,
in comparison with the 'open-end' version.
On TMX the plasma displays MHD-stability at |3 = 10%; this device has
also produced a record value of the electron temperature, T e = 260 eV
(a temperature of T e = 140 eV was achieved in 2XIIB). However, such
temperatures are obtained in the presence of large fluctuations reducing the
ion confinement time to the normal values characteristic of open-ended traps.
The crucial question for future ambipolar traps is whether the loss-cone
instability in the end mirrors can be suppressed. This problem is still far from
being solved. Our approach to clarifying this problem should be based on the
investigation of this instability at high Te/Ti ratios. On the 2XIIBB device this
ratio was 10 - 2 . Theory predicts a deterioration of stability upon increasing
this ratio, which must reach 10 _1 in a reactor. It is at this value of T e /Ti that
the loss-cone instability should be studied.
The problem of suppressing micro-instabilities is also of critical importance
for the ingenious idea of thermal barriers that has been recently advanced;
this makes it possible, in principle, to improve the energy characteristics of a
thermonuclear reactor considerably and to obtain favourable conditions for
loss-cone instability suppression.
Other experiments concerned with suppressing end losses in open traps
have also been discussed at this Conference.
At Novosibirsk, the large PSP—2 device with a rotating plasma has been
put into operation, and on the small PSP-02 it has been shown, in principle,
that the flute instability can be stabilized by creating a velocity gradient (S—3).
On the RFC-XX device ( F - 5 , S-2) at Nagoya, the possibility of highfrequency suppression of plasma losses through the annular slit of the cusp
was demonstrated. Reversed-field open traps are discussed in Section 5,
together with compact tori, for reasons of easier presentation and to save space.
4.

LOW-BETA TOROIDAL SYSTEMS

Great progress has been made in the stellarator programme. For the first
time it has been possible to produce a dense, high-temperature current-free
plasma devoid of disruptive instability. For this we are indebted to the work of
the Wendelstein VII-A group (H—2-1 ). A new technique for transition from
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FIG.3. Reduction of plasma current flp)
during neutral injection in WII-A
(t = 155-180 ms). PQW is the Ohmic power,
<p is the current angle of rotational transform and <Q is the vacuum angle of
rotational transform.

0.6x10 1 0

0.2 x1o1
t(rns)

FIG. 4. Time variation of line density,
electron temperature 2"0, ion temperature
T{ and W, the energy content. The time
scale is the same as in Fig.3.

a current regime to a current-free one has been developed. Reducing the
current from 16 kA to 0 took about 30 ms, during which the total angle of
rotational transform was conserved (Fig.3).
•*2 ~ <b + *o ~

1

0.5

where -tp is the current angle of rotational transform (q p = l/-ep), and-t0 is the
vacuum angle of rotational transform. Plasma confinement improved in the
current-free regime. If -t is not kept constant when the current is turned off
a small disruption arises at ft ~ 8. If ^ = const is maintained no disruption
develops. This situation is illustrated in Fig.4.
It should also be noted that record energy confinement times were
obtained on W VII—A in heating the plasma with neutrals. If these data are
extrapolated to PLT by using the Alcator scaling, confinement times of the
order of 300 ms are obtained (instead of the usual values of 50—100 ms).
The success of W VII—A should not overshadow the other major advance
of the stellarator programme, namely the first results on the Heliotron E. This
is a large-scale device which can operate in a current regime with qj; < 1 and
in which a current-free plasma can be produced by neutral injection at
2.6 MW (N-4). The vacuum angle of the rotational transform is greater than
two (Fig.5) and the system has a large shear. Such conditions are not attainable
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FIG. 5. -tF f°r Heliotron E and W VII-A stellarator.

on any of the existing stellarators. In Fig. 5, the angles of the rotational
transform of the W VII—A and Heliotron E stellarators are compared.
Important results on plasma heating and confinement have been obtained
on the Cleo, L - 2 , JIPP T-II and Proto-Cleo stellarators ( H - l , H - 3 , BB-1 ),
which give a reasonably complete picture of the improvement in plasma
confinement and heating in the presence of a current and a helical vacuum
magnetic field.
It seems to me that the results related to current-free plasma confinement
introduce a new stage in the stellerator programme. For this reason I should
like to stress the outstanding importance of L. Spitzer's work on the stellarator
concept and to express the hope that the stellarator programme will be
re-activated in the United States.
A second question which has attracted attention is the Elmo Bumpy
Torus. This is, in fact, the only device operating in a prolonged steady-state
regime. During the past two years a great deal of calculation and experimentation
has been performed to clarify the details of a stable regime (BB—3—1, BB—3—2,
BB—4). The breakthrough to high density has been achieved. The stabilizing
relativistic electron rings have a temperature of 500 keV. The research has
received the support of the scientific community and is being carried out at
Oak Ridge and Nagoya. It remains to be seen to what extent hopes will be realized
that the device will operate as successfully in density regimes of the order of
10 13 cm - 3 as it does already at densities of 1012 cm - 3 .

5.

HIGH-BETA SYSTEMS

High-j3 systems have always constituted a large part of the magnetic plasma
confinement programme. This is the part of the general programme with the most
diverse tendencies. It is attractive not only to large laboratories, but also to
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smaller ones attached to universities. Here we are confronted with very interesting
plasma physics problems. In view of the unity of science and, in particular, of
plasma physics, the influence of this branch of research is not limited to
systems with (3 ~ 1, but covers other systems, too. I shall discuss only the three
areas where the greatest experimental progress has been made:
(a) The plasma focus; (b) The reversed-field pinch; (c) Compact tori.

(a)

The plasma focus

It is doubtful whether the plasma focus is suitable as the basis for a fusion
reactor, but work in this direction has gained new impetus. About thirty
laboratories are working on the plasma focus. The reason for this is that the
plasma focus yields an electron pulse with an energy of ~1 MeV and a power
of ~1 TW as well as a flux of deuterons, heavy ions, neutrals and X-rays.
The most recent data: number of neutrons 1 0 n - 1 0 1 2 per pulse; flux density
1017—1018 n-cm - 2 ; X-ray energy per pulse ~100 J in the energy range
50-300 keV ( G - l - 1 , G - l - 2 , G - 2 , G-3). Currently, the main problem
is to increase the proportion at the current that flows through the pinch.
Interesting physics aspects are the thread structure and the phenomenon of
reconnected field lines as a cause for particle acceleration.

(b)

The reversed-field pinch discharge

In the last few years, the reversed-field pinch discharge has been operating
mainly in a fast regime (1-10 ¿us), from which it is very difficult to extrapolate
to the times and dimensions required for the development of a physical basis
for fusion reactors (L-3). The work is being performed mainly at Culham,
Los Alamos and Padua (L—1, L—2—1 ). Experiments have started in Japan
(L—2—2). Since the Innsbruck Conference in 1978 new devices have been
started up in the millisecond time range. Older devices typically had low
temperatures (tens of electron-volts), owing to the so-called radiation barrier.
In the new generation of devices, this barrier was first overcome at Padua,
and the temperature exceeded 100 eV (L—1 ). This is a great step forward, and
now we obviously need to take the next one. A large-scale experiment is now
being planned jointly by the three laboratories mentioned above. It is intended
to achieve times of ~100 ms. It is very important to make a more detailed
study of the physics of field reversal and to learn to control it effectively.
Table V shows reversed-field pinch devices. In effect, we see here a continuation
of the Zeta device, but at a higher level of understanding.
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TABLE V. DEVICES WITH A REVERSED-FIELD
PINCH DISCHARGE
Eta-Beta II
Padua

HBTXIA RFXa
Culham Culham

ZT-40
Los Alamos

Major radius (cm)

65

80

,180

114

Minor radius (cm)

12.5

26

60

Field rise-time (ms)

0.004-0.12 0.1-0.5

10-50

20
0.1-0.7

Field decay-time (ms)

0.5-1.0

1-5

120

3

Maximum current (MA)

0.2-0.3

0.4

0.8

Date of construction

1979

1981

2.0
?

1979

Planned jointly by the three laboratories.

(c)

Compact tori

The compact torus is at present a favourite child promising much for when
it grows up. Nowadays we mean by 'compact torus' and toroidal system with
an aspect ratio of the order of unity obtained in a cylindrical geometry of
conductors (R—1). These systems include:
(i) Open magnetic traps in which the magnetic field is reversed by the
injection of neutrals, ions or electrons (NRL);
(ii) Toroidal systems obtained from theta pinches (Kurchatov, LLNL,
Los Alamos);
(iii) Toroidal systems obtained in Marshall guns (LLNL, Los Alamos)
(R-3-1).
Compact tori exist with a purely poloidal field. These are being studied
mainly at Kurchatov. Compact tori with a toroidal magnetic field are called
spheromaks ( R - l and R—3—2).
The physics of the formation of compact tori is related to reconnection
of the field lines. This method was proposed by R. Kurtmullaev for systems
where a theta pinch is first produced. Another method involving the use of a
co-axial injector is being developed at LLNL and Los Alamos. At this
Conference, many different methods of producing toroids have been discussed,
and the interest in them has stimulated intensive theoretical research.
Compact tori can also be approached from another direction, by producing
a compact configuration in an open magnetic trap (R—2). In this case they
can be regarded as a method for improving plasma longitudinal confinement.
As is well known, it was not possible on the 2XIIB to reverse the magnetic field
fully by neutral injection (AB/B ~ 0.9). At the present Conference, the
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production of a reversed configuration by means of a co-axial gun has been
reported. At Los Alamos a plasmoid was detached from the gun and a reversedfield configuration with n ~ 1014 cm - 3 and T e ~ 70 eV was obtained.
Reversed configurations have also been produced in pinches, and, in
addition, means of ion beams (NRL). No fast MHD-instabilities were observed
(R—4). The production of compact toroids by means of theta pinches and,
in addition, by means of ion beams (NRL), to control their motion, shift them
in the direction desired, stop them, etc.
The programme on systems with /3 ~ 1 also includes other systems which
I have not mentioned for lack of time, but which have been the subject of
interesting work at Los Angeles (AA—2) and other scientific centres
( L - 4 - 1 , L - 4 - 2 , R - 5 , A A - 1 , AA-2).
CONCLUSIONS
1. This Conference has shown that the fundamental scientific basis has
been laid for the initial design of a reactor of the tokamak type.
2. Progress in the development of a scientific basis for designing a reactor
of the open-trap type continues. Time is still required for developing methods
of reducing longitudinal losses.
3. The programme reached the turning-point with the results obtained
on the W VII-A stellarator. Considerable efforts will still be needed to create
a scientific basis for fusion in a stellarator or stellarator-tokamak.
4. Other systems — the bumpy torus, the reversed-field pinch, and
compact tori — are being developed with success, but a breakthrough to high
temperatures and densities still remains to be made.
5. This Conference has shown how fruitful a combination of small and
large devices and various methods is. However, the meaning of the term
'small device' will continually tend towards larger parameters.
6. This Conference has demonstrated the efficiency of HF heating methods,
although their moment of triumph — comparable to that of neutral injection
in 1978 — has yet to come.
In conclusion, what will we wish to hear from the speaker who sums up
the results of the 1982 Conference in Baltimore? We hope he will talk about
the excellent progress made on the devices ASDEX, PDX, Doublet III,
Heliotron E, TMX-4, Uragan-3, Gamma-10, FT, Alcator C, and Ambal.
And that he will describe how the problems of micro-instabilities in open traps
and of high-frequency and superhigh-frequency heating have been solved. And
we will hope to hear about the start-up of new devices (though I would not
like to say exactly which ones). Finally, I hope that the speaker receives the
same understanding and support in preparing his report as I have received
from participants in this Conference.

SUMMARY
ON MAGNETIC-CONFINEMENT THEORY*
J.G. CORDEY
Culham Laboratory,
Abingdon, Oxon.,
United Kingdom
Over the last few years there has been a distinct change in the role played
by the theoreticians. Up till the mid-seventies most of our efforts were directed
towards developing the basic theory of plasma physics. Now the main task
appears to be that of applying the theory to the experiments. Clearly, our
principal objective should be one of determining the dominant anomalous loss
processes in the present experiments, and establishing their scaling with plasma
parameters so that a sensible extrapolation to the reactor regime can be made.
I have my doubts whether we shall be entirely successful in this goal. It has
become very clear at this Conference that, in some areas, there are several
competing theoretical explanations of the same experimental phenomena.
Turning now to the highlights of the Conference, most of the theoretical work
is, of course, on tokamaks, and I will begin by surveying progress in this field first.

1.

TOKAMAKS

The subject naturally splits itself into the following key problem areas:
(a) anomalous electron thermal conductivity; (b) the maximum MHD-stable /3;
(c) impurity behaviour and control; (d) heating; and (e) reactor thermal stability.
These topics are all closely coupled together in the conditions that are required
to reach ignition, namely 0 ^ °c l/r e B 2 and the power input P <* \\T\, where
r e is the energy containment time. The present uncertainty concerning the
scaling of the electron thermal conductivity and impurity behaviour gives rise
to a large range for 0 at ignition, 0 ^ ~ 3—8%, and an even larger range for the
power input to reach ignition, 5—100 MW (paper W-3) in JET. Thus, probably,
the most important problem here is obtaining the scaling of the electron thermal
conductivity.
(a)

Scaling of anomalous electron thermal conductivity x e

The main view here, but by no means the only one, is that small-scale
micro-instabilities are responsible for the anomalous loss of energy. There has
* This summary talk was also published in Nucl. Fusion 20 12 (1980) 1617.
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TABLE I. EXPRESSIONS FOR ELECTRON
THERMAL CONDUCTIVITY
Form

Source

A
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B
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ve

"pe
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ve

wpe

qR

/Ls\

L

Vjp2

L

Vv "

rq /q odd modes
e
even modes

Xe classical, e-i coupling anomalous,
confinement determined by x¡

been substantial improvement in our understanding of the linear theory of
these micro-instabilities in the last few years. Most of the results reported at
the Conference (U—1 — 1/2/3, U—2) are concerned with extending the simple
slab theory to that of a torus, by use of the ballooning formalism. The effect
of toroidicity is, in general, de-stabilizing. For the drift universal instability
new 'toroidally induced' modes are found which are unstable, whilst the usual
slab mode is found to be more damped. The effect of toroidicity on the dissipative trapped-electron instability and the ion temperature gradient instability
is also found to increase the growth rate (U—1—1). The critical r\{ for
instability of the ion temperature gradient mode is shown to be a strong
function of T|/T e and is stable for T¿ > 3.5 T e ( U - l - 2 ) .
The linear theory of the micro-instabilities in a torus is virtually complete,
and there is very little disagreement about the results; there is, however,
substantial disagreement over the non-linear evolution of these microinstabilities and, in particular, the physics of the saturation mechanism. At
this Conference, several different theoretical models of the anomalous thermal
conductivity were presented, the resulting expressions for x e (electron thermal
conductivity) are listed in Table I.
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Form A, by Coppi and Mazzucato, is derived from the observation that
the electron temperature profiles in the experiments are diffusion-like, that is
independent of the gradient scale lengths. Then after using the underlying
theory of the effect of resistivity on electrostatic modes the authors arrive at
form A. A similar argument has now been used to obtain the particle flux (C—3).
Forms B and C are both due to the universal drift instability. In form B,
by Molvig and Hirshman (C—2), the saturation mechanism is resonance
broadening of the electron response due to the stochastic nature of the electron
orbits, whereas in form C (U—1—3) the saturation mechanism is mode-mode
coupling into a shear-damped quasi-mode. This latter treatment which is
entirely electrostatic gives a similar result to form A.
Parail and Pogutse (C— 1 ) derive an expression for the maximum value of
Xe (form D), independent of the form of the instability. Their argument is
based on the fact that, in the strong-turbulence limit, the maximum displacement of a particle from the magnetic surface is a perpendicular wavelength. The
quasi-linear expression for x e is t n e n maximized and form D obtained. During
discussions, questions were raised as to the generality of these expressions, and
it was concluded that the theory was probably only valid for high-frequency
instabilities, co > co*t. Form E by Drake and Liu (C—2) comes from their theory
of the evolution of temperature-gradient-driven micro-tearing modes. The
saturation mechanism here is mode coupling into long wavelengths which are
damped. Finally, there is the very different view presented by Hinton et al. (M—2)
that the electron conductivity is classical and that the electron-ion energy transfer
is non-classical. The thermal conductivity of the plasma is then determined by
the ion rate XiThese six forms all give roughly the right energy containment time for the
present set of experiments but if one extrapolates to reactor temperatures, the
r e differ by an order of magnitude. Thus what is required is a detailed transport
analysis of the present experiments with the object of determining whether any
of the forms for x e given in Table I fit the data as a function of radius.
(b) Maximum MHD-stable /3
The majority of the work here is concerned with the application of ideal
stability theory to tokamak equilibria. The most encouraging aspect is that
groups at General Atomic (J—5) and ORNL (K—1—2) both show that, by
optimizing the plasma shape and current profile, stable ¡3 of the order of 10%
can be obtained. In paper K—1—2, the high-j3 equilibrium is allowed to diffuse
resistively for a few skin times and it still remains stable. The temperature
profile is somewhat wider than the expected profile in a reactor and so there may
be some conflict between obtaining the maximum stable j3 and having the plasma
maintained by a-particle heating. Nevertheless, it appears that ideal-MHD-stable
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equilibria can be found with sufficiently high 0 to make a tokamak reactor
economically feasible.
The effect of the finite-Larmor-radius correction terms on the stability of
the high-n ballooning modes is discussed in paper K— 1 — 1, and it is found that
stabilization is significant for modes with n > 20. There are further analytic
studies of the second stability regime in paper C—3; the outcome of this work
is that if q on axis exceeds 1.6, then a sequence of stable equilibria passing into
the second regime of stability can be found. Without resorting to any shaping
optimizations, ¡3 of 8% are obtained.
A numerical simulation of the non-linear growth of one of these ideal
modes is given in paper J— 1. It is found that it evolves into a 3 - D equilibrium
in which the pressure profile exhibits a very large radial shift, so if this model
is correct the experimental consequences of these modes should certainly be
seen.
Turning now to resistive MHD theory and, in particular, to tearing modes,
there are several papers in this area concerned with the effect of helical fields
(J—3) and toroidicity (J—4) on tearing modes. There is continuing work on the
simulation of the disruptive instability by Hicks et al. (J—3), based on the idea
that the mechanism is the non-linear coupling of tearing modes which eventually
results in the magnetic field becoming ergodic, giving enhanced thermal dissipation which is followed by a disruption. This model is compared with observations
of disruptions on several experiments and found to fit.
An alternative explanation of the mechanism of the disruption has been
put forward by Sykes and Wesson. In their model, only one tearing mode is
involved, and the plasma disrupts when the magnetic-island structure associated
with the tearing mode touches the limiter. In further support of their model,
they give calculations of the saturated states of tearing and kink modes (J—2—1)
and show that there is a discontinuity in behaviour when q at the limiter is close
to two.
(c)

Impurity behaviour

The major point of interest here is the realization that charge-exchange
recombination of the impurities by neutrals can lead to a significant increase
in the impurity radiation. It is rather ironic that such a large amount of effort
has been spent modelling the impurity transport whilst one of the basic atomic
physics processes has been neglected. Calculations of the radiation as a function of the ratio of the neutral density to the plasma density are given by
Hulse, Post and Mikkelsen for several impurities, and this work is presented in
paper Y—3, along with other physics issues concerning particle and energy
transport in the edge and diver tor regions of a tokamak.
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Heating

The present status here is that the theories of neutral-injection and ion
cyclotron minority heating of plasmas are both well understood and fit the
experimental data. For lower hybrid heating, at low power densities, the
coupling of the waves to the plasma seems to be fairly well understood (T— 1 — 1 ).
At high power densities, the ponderomotive force becomes dominant and then
one needs a full non-linear treatment. The other interesting point in the RFheating field is the idea of launching an ion Bernstein wave from an external
waveguide with the object of heating the plasma at twice the ion cyclotron
frequency.
(e)

Reactor thermal stability

Two types of burn stabilization schemes are identified in paper W—2—1,
i.e. passive and active. An example of a passive scheme is the use of toroidal
ripple to increase the ion thermal conduction loss and hence stabilize the burn.
Calculations given in paper W—2—2 show that the ripple amplitude necessary
for stabilization was actually quite high, 8 ~ 5%. Of the active schemes, both
major-radius displacement and feedback stabilization using additional heating
of a high-Q reactor are shown to be effective control schemes giving rise to
fairly small temperature excursions.
On the subject of reactor theory, there are some interesting calculations
by Kolesnichenko et al. (W—4) on the generation of a toroidal current by the
a-particles. The current is a direct consequence of the preferential loss of the
counterstreaming a-particles and is always in the same direction as the main
plasma current. The a-particles then drive an electron current in the opposite
direction (the usual Ohkawa effect) and the net current can be in either direction, depending on the sign of 1—2/Zeff. The authors show that steady-state
operation of a tokamak reactor using this effect is only possible at the 1-Ma
level.

2.

MIRROR-MACHINE AND OTHER THEORY

The most important point arising from the mirror sessions is the fact that
it may be possible to defeat the curse of mirror machine confinement — the
drift cyclotron loss cone mode DCLC — by simply changing the angle of injection. Injecting off the midplane produces a dip in the potential at the midplane
which traps the cold ions filling in the loss cone in this region. The resulting
distribution function which is known as a 'sloshing distribution' is found to be
stable. Essentially, the stability problem has been converted from that of a
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FIG.l. Isometric diagram of the additional injection power required to reach .ignition as
a function of density N and temperature T. (Original due to J.L. Robertson.)

distribution having a loss cone to a distribution with counter-streaming ions which
is Landau-damped.
To improve the reactor performance of the tandem mirror device, Baldwin
and Logan (F—4) suggest that a thermal barrier should be introduced between
the central section and the end plugs, which allows the electron temperature to
be raised in the plug region and the density in the plug to be lowered. Original
designs of this concept used an additional mirror between the end plug and the
central section to create the thermal barrier; by using off-mid-plane injection
the thermal barrier can be created in the end plugs themselves.
On the field design of these tandem mirrors, Ryutov and Stupakov (F—3)
show that careful design of the connection region between the plug and central
section is essential both to minimize the radial diffusion and to avoid ballooning
modes at high |3.
On the non-linear evolution of the DCLC instability, it is shown in paper S— 1
that the quasi-linear diffusion model of this instability simulates the experimental loss current rather accurately.
These remarks conclude my summary of the theoretical highlights of the
Conference. To remind the reader of the task ahead I have prepared a cartoon
(Fig. 1 ) of the routes to ignition to be taken by the different experimental groups;
the whole scene is being surveyed by theoreticians who are in the aeroplane ready
to fly away if all the attempts should fail.

SUMMARY
ON REACTOR CONCEPTS
AND RELATED TECHNOLOGIES
T. HIRAOKA
Japan Atomic Energy Research Institute,
Tokyo,Japan

At this Conference, thirteen presentations have covered the very wide field
of reactor concepts and related technologies. The distribution of each paper's
subject and the mutual relationships between these papers are shown in Fig. 1.
In the last two years, one of the most prominent activities in the field of
reactor concepts has been the IAEA INTOR Workshop. It has had a strong
impact on the tokamak programme of each country. A special Session on INTOR
was held before the formal Conference programme, during which ihe INTOR Zero
Phase activity on data base assessment was reported. As brought out during the
INTOR Workshop we have now reached the stage where physicists and engineers
can exchange conversations on a common basis for the realistic design of a machine
to follow the large tokamak machines now under construction.
The Engineering Test Facility (ETF) is the US next-generation tokamak
after TFTR (paper V-l ). ETF is to be an ignited tokamak for engineering tests
as is indicated by its name. Its design activities are concentrated at the ETF Design
Center at Oak Ridge National Laboratory (ORNL). Recently, its major parameters
have been changed to very close to those of INTOR, i.e. minor radius 1.3 m, major
radius 5.4 m, and magnetic field on axis 5.5 T. The concept of high-fluence testing
has been drawn back a little to the status of a potential option. ETF Design Center
is promoting two design concepts, design 1 featuring a bundle divertor and Design 2
a single-null poloidal divertor that corresponds to the INTOR design. ETF is now
at the pre-conceptual design stage and aims at starting operation in the early 1990s.
The design activities of the next-generation machine in Euratom, Japan and the
USSR have been concentrated in the INTOR design.
As a nearer-term machine, a tokamak attempting to reach Q = 1 by adiabatic
compression, first in minor radius and then in major radius, was introduced in the
USSR to investigate the D-T plasma behaviour in the ignition regime (V-3). It
would reach 0 = 1 at a plasma density of about 1015 cm"3 and a temperature of
about 10 keV in a small final toroid with a minor radius of 0.125 m and a major
radius of 0.42 m. The D-T burning mechanism and a-particle confinement would
be studied.
* This summary talk was also published in Nucl. Fusion 20 12 (1980) 1617.
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of presentations on Reactor Concepts and
Related Technology at the Eighth International
Conference on Plasma Physics and Controlled
Nuclear Fusion Research (Brussels, 1980).
Symbols denote paper numbers.

There are three major motivations for next-generation machines such as
INTOR or ETF. The first is progress in plasma physics as reported at this
Conference. The second is accumulation of experience on design and construction of large tokamak machines. The third is rapid development of major supporting technologies such as heating technology or superconducting-coil technology.
Although the number of presentations on these topics was not so large, they gave
us some information that we shall be building, in a very short time, the technical
foundations for the next-generation machine.
Since 1971 the yearly development of neutral-beam injection technology
was exponential in energy per pulse as was shown in a review paper on US neutralbeam injector technology (Q-l). Another presentation on neutral-beam injectors
was made by a group from Fontenay-aux-Roses (Q-2).
As a near-term activity, ORNL developed neutral-beam injectors for PLT.
It also succeeded in generating a 2-MW deuterium beam. Lawrence Berkeley
Laboratory (LBL) and Lawrence Livermore Laboratory (LLL) are now developing
injectors to meet the requirements for Doublet-Ill, MFTF and TFTR. A full-size
TFTR-type source has been operated with a 60 A/120 keV/0.5 s deuterium beam
at the LBL/TFTR Neutral Beam Engineering Test Facility." At Fountenay-auxRoses, a periplasmatron source under development for JET could produce 40 A
at 80 keV with a divergence of ± 0.7° although the pulse length is still 0.1 s.
In future, INTOR or ETF will require an injector unit generating a beam of
about 100 A at 180 to 200 keV for 6 to 10 s. Among the three major injector
parameters, the beam current and the beam energy are now at a level half of the
INTOR requirement. In the same way as Berkeley, Oak Ridge succeeded in
extracting an ion beam of 110 keV by making use of a two-stage accell system.
Fontenay-aux-Roses is also developing a D-beam source of 160 keV. The pulse
duration should, however, be extended by about one order. Oak Ridge is
developing a DC source of 15 A at 120 to 150 keV. At JAERI in Japan, a 6-A
beam of the nearly same current density as that of the JT-60 injector was operated
for 10 s.
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Energy recovery technology has also been developed. Oak Ridge applied
the idea of the cross-magnetic-field blocking and achieved 60 to 90% recovery at
40 kV with one third of the ion density that may be required at ETF.
Negative-ion sources are under development at ORNL and LLL. At Oak
Ridge, a beam of 0.5—1 A was extracted. At LLL, a 2-A D-beam was obtained
and a 0.5—A beam could be made to last for 30 s.
Although there was no presentation on RF-heating technologies, we should
like to emphasize that RF-heating is an important alternative to neutral-beam
injection in next-generation machines because it affects less the reactor structure,
is easier to shield, allows better plasma control, and is, hopefully, cheaper.
In a status report (Q-3) on United States superconducting-coil development,
the most important development programme mentioned is the Large Coil Task
(LCT), in which four different countries participate. LCT will be used to test
toroidal field coils of 2.5 X 3.5 m bore with a peak field of 8 T in toroidal configuration. One of its six coils will be Nb3Sn and the others NbTi. Since ETF
will have a maximum field of 11 — 12 T, the 12-T coil project will be promoted.
A test of a superconducting poloidal coil with 20 MJ stored energy will be
also initiated. Its conductor current will be 50 kA and its field will swing from
-7.5 T to + 7.5 T in one second. The reported reduction of the breakdown
voltage by application of ECRH is good news from physics as far as reduction
of the AC load to the poloidal-field coil is concerned.
The energy consumption of large cryogenic systems should not be overlooked,
and we should be very careful about the effect of plasma disruption on coil systems.
Tritium technology for the fusion programme is being developed in three
major US laboratories, i.e. Mount Facility, Argonne National Laboratory and
Los Alamos Scientific Laboratory (Q-4).
Recently, Mount Facility has been focussing its tritium technology on tritium
containment and environmental control. It has an Effluent Control Laboratory
which consists of an integrated set of containment and detritiation experiments
and Tritium Storage and Delivery Systems for TFTR. Detritiation of water vapour
by combined electrolysis and catalytic exchange was reported.
Breeder blanket technology is addressed at Argonne including fuel handling,
breeder blanket processing and tritium containment. They found that molten-salt
extraction is a most promising method of processing liquid lithium for the control
of low-level impurity. Feasible combinations of breeding material, coolant and
structural material are now under survey.
The most extensive development of tritium technology is the Tritium
Systems Test Assembly (TSTA) at Los Alamos. It has the purpose of developing,
interfacing and demonstrating all the technologies related to the D-T fuel cycle
for fusion reactors. It will become operational in late 1981 and provide definite
technological data bases for the tritium technology of ETF with emphasis on
environmental safety.
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No essential problem in tritium technology has been found so far, other than
regulatory questions such as transportation or accountability control.
At this Conference, much valuable information on reactor design was provided
from the physics side. Some examples are:
confinement of high-temperature plasma
high-/? achievement
charge exchange in the divertor region
heat deposition and distribution on divertor plates
reduction of the breakdown voltage by ECRH
efficient RF-heating.
Each of these items is relevant to reactor design. Thus, very recently, information
directly related to reactor design criteria has begun to flow from physics, and
physicists and engineers have jointly recognized issues for reactor design through
common activity on the next-generation machine. There is, however, persistent
demand from engineers for more definite information from physics.
In the field of plasma engineering, two papers on divertor analysis were
presented. One is from Kurchatov on the simulation of particle distribution
and heat deposition in a model divertor chamber by both analytical and numerical
methods (V-2-1). The authors have found that emission of secondary electrons
from the collector plates makes the divertor layer narrower and decreases the
electron temperature substantially. The distributions of the plasma parameters
in the divertor layer are changed drastically by higher re-cycling so as to reduce
the temperature and to increase the density at the separatrix. Also shown was
the possibility of helium separation in a divertor chamber owing to its different
backflow conductivity.
The Culham group assessed particle and energy transport in a bundle divertor
chamber by combining a 0- and a one-dimensional model (V-2-2). They found
that the scrape-off-region is sufficiently thick and the exhaust plasma sufficiently
dense to ensure that the divertor is an effective impurity shield. The energy flow
will be dissipated in a neutral-gas target, and the cold gas may be dense enough
for efficient pumping. The authors also exhibited the feasibility of burn control
by a combination of pellet injection and exhaust through the divertor. More of
these analyses are desirable not only for divertor design of the next-generation
machine but also for an estimate of the part of its tritium inventory that is
related to particle re-cycling.
Although there was no presentation on material research at the Conference,
we must recognize its essential importance to divertor and first-wall design.
Through many reactor design studies, the engineering problems of present
tokamak reactor design have been considered. A commercial reactor design
activity at ANL, STARFIRE, is an attempt to find solutions to these problems
(E-l). In STARFIRE design, emphasis was placed on the essential features of a
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commercial reactor such as simplicity, maintainability, reliability, continuous
operation, lower electricity production cost, and safety and environmental impacts,
especially from the viewpoint of the utility industry. It is very important to
recognize concepts of a 'should-be' reactor in order to make tokamak reactors
acceptable to the society as reliable energy sources. STARFIRE has several
technical features making it an interesting candidate for commercial use. They are:
Steady-state operation
Divertorless concept
RF-heating
Maximum exploitation of the wall area for electricity production
Solid fertile material for tritium breeding, for safety reasons.
An activity such as STARFIRE is quite valuable to help keep in mind the
target concepts of commercial reactors because we are likely to lose these concepts
in the process of near-term reactor design.
The energy balance problem of tandem mirror reactors making use of the
thermal-barrier concept was addressed by Lawrence Livermore Laboratory and
University of Wisconsin, and the possibility of improving the Q-value of tandem
mirror reactors was demonstrated on the assumption of MHD-stability at the
maximum beta of the central cells — beyond 0.4 — as well as that of microstability (E-2).
The Livermore group analysed a 3500-MW(th) reactor with a 150-m long
central cell plugged by A-cell barriers and found that a Q-value of 14 is obtainable.
Nearly 40% of the total input power is required to evacuate cold particles across
thermal barriers. The re-circulating electricity will be less than 40%.
The Wisconsin groups analysed a 3000-MW(th) reactor with internal thermal
barriers and found a Q-value > 15. They also investigated a potential D-D tandem
mirror reactor with thermal barriers and showed that Q might be > 5 if beta in
the central column as high as 0.6 to 0.8 were feasible.
Seven alternative magnetic-confinement reactor concepts other than the
conventional tokamak from the United States were presented in a summarized
form (V-4). These are ELMO Bumpy Torus, RIGGATRON (a high-field, Ohmically
heated tokamak), the Reversed-Field Pinch Reactor, LINUS (a slowly imploding
liner reactor), TRACT (a reconnection-triggered, adiabatically compressed
reactor), the compact Torus Reactor, and the Dense Z-Pinch Reactor. Each of
these concepts has its specific features. According to the authors, the physics
bases relative to the conventional tokamak vary widely among these concepts.
One of seven concepts, EBTR, aims at steady-state operation while the
others are pulsed. One of the seven concepts is heated by RF, three Ohmically
and the remaining three adiabatically. EBTR has a high net power of 1600 MW(e),
the others represent rather small power stations of less than about 500 MW(e)
each.
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The general trend in these concepts is to promise more simplicity than is done
by conventional tokamak reactors. They need, however, more solid experimental
evidence in order to demonstrate their feasibility. What we need is some compromise between proliferation of alternative new concepts and concentration to a
few major concepts.
A laser fusion reactor study was presented by Osaka University, Japan (E-3).
It was found that, to meet the reactor requirements the required laser energy
will have to be higher than 5 MJ to obtain a pellet gain larger than 200. A similar
comment was made by the Livermore group. This is still two orders of magnitude
higher than the present experimental level. A 1200-MW(th) reactor was conceptually
designed. Its blanket is a 70-cm-thick lithium flow on the inner surface of the
reactor cavity. The possibility of flow control by a moderate static magnetic field
is shown in this device insofar as perturbations are suppressed by instantaneous
neutron irradiation. The source neutronics such as the breeding ratio and the effect
of a softening of the neutron source spectrum were also studied. A cooling system
comprising three cycles (liquid Li, liquid Na, steam) was also briefly mentioned.
In addition, several topics from the field of advanced fusion fuel cycles
were studied by three groups (V-5): D-D, catalysed D-D, D-3He and P- n B fuel
cycles. UCLA and TRW of the United States approached the advanced fuel cycles
including the effect of nuclear elastic scattering, propagation and self-interaction.
It is shown that P- n B can be ignited at about 300 keV. They proposed a levitated
superconducting octupole device to exploit these fuel cycles.
A group at ANL and the University of Illinois carried out some reactor
technology studies of advanced fuel reactors on, e.g. wall loading, shield, activation
and tritium inventory as compared with D-T reactors. The University of Illinois
also assessed the concept of a network of generator (catalysed D-D) and satellite
(D-3He) stations that can be located close to the user.
The trends inherent in these reactor concepts and the related technology
as presented at this Conference can be summarized as follows:
1.

INTOR and ETF activity clarified interface problems between physics and
engineering and provided orientations to physics approach and engineering
development.

2.

Much valuable information on 'plasma engineering' was provided.

3.

Major supporting technologies are making distinct progress and will meet
the requirements of the next-generation machine in time.
The technological reactor design issues which STARFIRE or alternative
conceptual studies are trying to overcome should be kept in mind.
Efforts to increase the Q-value in non-tokamak concepts are continuing.

4.
5.

More presentations on Reactor Concepts and Related Technology at future
conferences are desirable to overview the tremendous amount of activities in the
world as fusion development steps into the engineering stage.
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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 SOME OT THE MORE COMMON UNITS
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS
NOTES:
(1) SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), candela (cd) and mole (mol).
(2) • indicates SI derived units and those accepted for use with SI;
^ indicates additional units accepted for use with SI for a limited time.
[For further information see The International System of Units (SI), 1977 éd., published in English by HMSO,
London, and National Bureau of Standards, Washington, DC, and International Standards ISO-WOO and the
several parts of ISO-31 published by ISO, Geneva. |
(3) The correct abbreviation for the unit in column t is given in column 2.
(4) -)(• indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures.
= indicates a definition of an SI derived unit: [ ] in column 3+4 enclose factors given for the sake of completeness.
Column 1

Colu

Column 4

Multiply data given in:

by:

to obtain data in:

Radiation units
^ becquerel
disintegrations per second (= dis/s)
> curie
> roentgen
> gray

> rati
sievert (radiation protection only)
rem (radiation protection only)

1 Bq
Is"1
1 Ci
1 R
1 Gy
1 rad
1 Sv
1 rem

(has dimensions of s ' )
1.00 X 10°
Bq
3.70 X 10'°
Bq
4
2.58 X 10~
C/kgJ
1.00 X 10°
J/kgJ
1.00 X 10"'
Gy
1.00 X 10°
J/kg]
J/kg]
;= LOO x i o '
=
=
[=
[s
=
=

*•*
•*
*
•*
*
*

[=
u
t
[=
=
Ibm
=
ozm
=
ton
short ton =

1.66057 X 10" " kg, aptjrox
1.00 X 10 3
kg]
4.536 X 10"'
kg
2.835 X 10'
g
3
1.016 X 10
kg
9.072 X 10'
kg

Mass
> unified atomic mass unit {-fa of the mass of " O
^ tonne (= metric ton)
pound mass (avoirdupois)
ounce mass (avoirdupois)
ton (long) (= 2240 Ibm)
ton (short) (= 2000 Ibm)

1
1
1
1
1
1

*

Length
statute mile
nautical mile (international)
yard
foot
inch
mil (= 10" 3 in)

1 mile
1 n mile

= 1.609 X 10°
= 1.852 X 10°

km
km

1
1
1
1

=
=
=
=

m
m
mm
mm

yd
ft
in
mil

9.144
3.048
2.54
2.54

X
X
X
X

10"'
10"'
10'
10"'

1.00

X 104

*
*
•*
*
*

Area
> hectare
> barn (effective cross-section, nuclear physics)
square mile, (statute mile) 2
acre
square yard
square foot
square inch

1 ha
1b
1 mile'
1 acre
1 yd'
1 ft'
1in2

>
=
=
=
=
=

2.590
4.047
8.361
9.290
6.452

X
X
X
X
X

10°
10 3
10" 1
10"'
10'

m']
m']
km'
m'
m2
m2
m
mm'

=
=
=
=
=
=

1.00
7.646
2.832
1.639
4.546
3.785

X
X
X
X
X
X

10~3
10"'
10"'
10"
10" 3
10" 3

m3]
m3
m
mm 3
m3
m3

= 3.048 X
= 5.08 X
(4.470 X
*[l.609X
= 1.852 X
= 9.807 X
= 3.048 X

10"'
10" 3
10"'
10°
10°
10°
10"'

m/s
m/s
m/s
km/h
km/h
m/s'
m/s'

;= LOO x io"' 8

• *

•*

Volume
> litre
cubic yard
cubic foot
cubic inch
gallon (imperial)
gallon (US liquid)

11 or 1 Itr
1 yd 3
1ft3
1in3
1 gal (UK)
1 gal (US)

*

Velocity, acceleration
foot per second (= fps)
foot per minute

1 ft/s
1 ft/min

mile per hour (= mph)

1 mile/h

> knot (international)
free fall, standard, g
foot per second squared

1 knot
1 ft/s'

*
*
*
*

This table has been prepared by E.R.A. Beck for use by the Division of Publications of the IAEA. While every effort has
been made to ensure accuracy, the Agency cannot be held responsible for errors arising from the use of this table.

Column 1

Colum i 4
to obtain data in:

Column 3

Column 2

Multiply data given in:

by:

Density, volumetric rate
pound mass per cubic inch
pound mass per cubic foot
cubic feet per second
cubic feet per minute

=
=
=
=

2.768
1.602
2.832
4.719

X
X
X
X

104
101
10" 2
10-4

kg/m 3
kg/m 3

[=
=
=
=
=
=

1.00
1.00
9.807
1.383
4.448
2.780

X
X
X
X
X
X

10°
10~5
10°
10"'
10°
10"'

m kg- r
N
N
N
N
N

1
1
1
1
1
1
1
1
1
1
1
1

Pa
[=
=
atm
=
bar
cmHg
=
2
dyn/cm =
ftH20
=
¡nHg
=
inH 2 0
=
2
kgf/cm =
Ibf/ft 2
=
lbf/in 2
=
torr
=

1.00
1.013
1.00
1.333
1.00
2.989
3.386
2.491
9.807
4.788
6.895
1.333

X 10°
25 X 10s
X 10 s
X 10 3
X 10"'
X 10 3
X 10 3
X 10 2
X 10"
X 10'
X 10 3
X 10 2

1
1
1
1
1
1
1
1
1

J
[= 1.00 X 10°
eV
[= 1.602 19 X 10" 19
Btu
= 1.055 X 10 3
cal
= 4.184 X 10°
= 4.187 X 10°
cal IT
= 1.00 X 10~7
erg
= 1.356 X 10°
ft-Ibf
kW-h
= 3.60 X 10 6
X 10 12
kt yield ^=4.2

Nm]
J, approx.]
J
J
J
J
J
J
-XJ

1
1
1
1
1
1
1

W
[= 1.00 X 10°
Btu/s
= 1.055 X 10 3
cal|x/s = 4.187 X 10°
f f l b f / s = 1.356 X 10°
= 7.46 X 102
hp
ps
= 7.355 X 102
hp
= 7.457 X 10 2

J/s]

1
1
1
1

lbm/in 3
lbm/ft 3
ft 3 /s
ft 3 /min

1
1
1
1
1
1

N
dyn
kgf
pdl
Ibf
ozf

m 3 /s
m 3 /s

Force
• newton
dyne
kilogram force (= kilopond (kp))
poundal
pound force (avoirdupois)
ounce force (avoirdupois)

2

]*

*

Pressure, stress
• pascal
• atmosphere a , standard
• bar
centimetres of mercury (0°C)
dyne per square centimetre
feet of water (4°C)
inches of mercury (0°C)
inches of water (4°C)
kilogram force per square centimetre
pound force per square foot
pound force per square inch (= psi)
torr (0°C) (= mmHg)

N/m 2 ]
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa

*
*
#
*

Energy, work, quantity of heat
• joule (=W-s)
• electronvolt
British thermal unit (International Table)
calorie (thermochemical)
calorie (International Table)
erg
foot-pound force
kilowatt-hour
kiloton explosive yield (PNE) ( s 10 12 g-cal)

*•
*
• *

Power, radiant flux
• watt
British thermal unit (International Table) per second
calorie (International Table) per second
foot-pound force/second
horsepower (electric)
horsepower (metric) (= ps)
horsepower (550 ft-Ibf/s)

W
W
W
W
W
W

*

*

Temperature
• temperature in degrees Celsius, t
where T is the thermodynamic temperature in kelvin
and T 0 is defined as 273.15 K
degree Fahrenheit
degree Rankine
degrees of temperature difference 0
Thermal conductivity '
1 Btu-in/(ft 2 -s-°F)
1 Btu/(ffs-°F)
1 cal |T /(cm-s-°C)

(International
(International

Table Btu)
Table Btu)

t = T - To

32
AT,

t (in degrees Celsius) *
T (in kelvin)
*
AT (= At)
*

(= Ato

5.192 X 102
6.231 X 103
4.187 X 10 2

WrrT'-KWnrT'K"
Wm"'K"

atm abs, ata: atmospheres absolute;
° lbf/in 2 (g)
(= psig) : gauge pressure;
atm (g), atü: atmospheres gauge.
Ibf/in 2 abs
(=psia): absolute pressure.
The abbreviation for temperature difference, deg (= degK = degC), is no longer acceptable as an SI unit.
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