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FOREWORD
The IAEA Conferences on Plasma Physics and Controlled Nuclear Fusion
Research, organized biennially, are the largest and most important meetings in the
field. They are a scientific forum not only for the presentation of the best results
achieved in all laboratories performing fusion research but also for the co-ordination
of international fusion efforts.
The Eleventh Conference, which was organized in co-operation with the
Japanese Atomic Energy Research Institute, was attended by about 650 participants
and observers representing 32 countries and two international organizations. About
200 papers were accepted for oral and poster presentations. The Conference opened
with the traditional Artsimovich Memorial Lecture.
The Eleventh Conference became an important event for fusion scientists and
engineers all over the world, for two special reasons. First, on the basis of the results
achieved on several experimental devices, the plans for reaching plasma ignition
within the next two years were presented. Second, the Conference not only marked
25 years of international co-operation under the auspices of the IAEA but also
represented the starting point for a new international venture — an international
thermonuclear experimental reactor.
These Proceedings, which include all the technical papers and five Conference
summaries, are published in English as a supplement to the IAEA journal Nuclear
Fusion.
The Agency promotes close international co-operation among plasma and fusion
physicists and engineers of all countries by organizing these regular conferences on
controlled nuclear fusion and by holding seminars, workshops and specialists
meetings on appropriate topics. It is hoped that the present publication, as part of
these activities, will contribute to the rapid demonstration of fusion power as one of
the world's future energy resources.

EDITORIAL NOTE
The Proceedings have been edited by the editorial staff of the IAEA to the extent considered
necessary for the reader's assistance. The views expressed 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.
Although great care has been taken to maintain the accuracy of information contained in this
publication, neither the IAEA nor its Member States assume any responsibility for consequences which
may arise from its use.
The use 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 names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.
The authors are responsible for having obtained the necessary permission for the IAEA to
reproduce, translate or use material from sources already protected by copyrights.
Material prepared by authors who are in contractual relation with governments is copyrighted
by the IAEA, as publisher, only to the extent permitted by the appropriate national regulations.
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LASER PROGRAMME DEVELOPMENT
AT CENTRE D'ETUDES DE LIMEIL-VALENTON
A. ANDRE, E. BERTHIER, E. BURESI, A. COUDEVILLE,
J. COUTANT, R. DAUTRAY, M. DECROISETTE,
C. DELMARE, B. DUBORGEL, P. GUILLANEUX,
J. LAUNSPACH, P. NELSON, C. PATOU, J.-M. REISSE,
D. SCHIRMANN, B. SITT, J.-P. WATTEAU
CEA, Centre d'e"tudes de Limeil-Valenton,
Villeneuve St. Georges,
France

Abstract
LASER PROGRAMME DEVELOPMENT AT CENTRE D'ETUDES DE LIMEIL-VALENTON.
A significant effort has been made recently at CEL-V to improve the laser facilities.
Octal, the eight-beam 2 kJ laser, has been equipped with phosphate glass and KDP frequency
tripling systems. The new laser facility Phebus has been built; its two beams deliver 20 kJ of
1.05 /im light which is easily converted to 0.53 jum or 0.35 jum wavelength. New diagnostics
have also been developed and tested. Laser driven hydrodynamics has been studied in various
configurations; there is first evidence of a radiative wave propagating ahead of a supercritical
shock. Theoretical work deals with interaction, transport, target acceleration and lasing
transitions.

1.

LASER PROGRAMME DEVELOPMENT .

1.1. The Octal facility
The eight-beam laser facility Octal has been equipped with phosphate Nd
glass. The total IR energy (X = 1.053 /urn) delivered in a 1 ns pulse is 2 kJ;
routine performance is at a level of 1.2 kJ. Frequency tripling is achieved
between the last turning mirrors and the focusing lenses. The eight converters
are composed of type-II KDP crystals which can be easily aligned by an autocollimation process. The conversion efficiency of the tripling system reaches
55% for routine conditions; the maximum UV energy available on target is
equal to 700 J (routinely 370 J).
1.2. The Phebus facility
The two-beam facility Phebus has been built in close co-operation with
the Lawrence Livermore National Laboratory, using the laser technology and
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equipment developed there. In December 1985, Phebus demonstrated a power
of 20 TW on target and is now the most powerful laser in Europe. It is already
being used for plasma experiments. The optical pulse is generated by two kinds
of oscillators: a short-pulse oscillator (0.1-0.9 ns) and a long-pulse oscillator
(1-5 ns). A third laser beam, which is not yet activated, will be used for plasma
diagnostic purposes. After frequency conversion by two sets of crystals,
providing 2u> (0.53 jttm) and 3w(0.35 nm) capabilities, the beams are focused
on the centre of the target chamber by two f/4 fused silica lenses of 3 m focal
length. The target is a sphere of 2.3 m in diameter; it has 280 windows which
enable the plasma diagnostics to be installed with an accuracy of ±200 fim with
regard to the target centre. The maximum energy on target during 1 ns pulses
i s - 14 kJ.

2.

DIAGNOSTICS

The development of plasma diagnostics has also been continued, particularly
in the field of detectors of high temporal resolution and wide spectral range, and
soft-X-ray imaging techniques [1]. The following performance has been obtained
with a soft-X-ray streak camera prototype constructed around an image converter
tube with lamellar electron optics:
- Useful slit length: 12 mm
- Screen dimensions: 24 mm along spatial axis
40 mm along time axis
- Spatial resolution with an image intensifier: 17 line pairs per millimetre
over the screen at 35% contrast
- Temporal resolution: 3-5 ps for a sweep speed of 2 X 109 cm-s - 1 .

3.

THERMAL TRANSPORT AND LASER DRIVEN HYDRODYNAMICS

3.1. Energy transport
Energy transport in laser plasmas has been studied with multilayered targets;
this seems to be a powerful technique for the study of thermal front penetration.
We employed this technique in connection with a major improvement, namely
the time resolved observation of the X-ray emission from a target composed of
either a gold substrate or an aluminium substrate coated with a plastic layer.
The discontinuity of emission when the thermal front crosses the CH substrate
interface appeared well defined. Numerical simulations of these results as well
as of the X-ray conversion efficiency have been performed to infer values of
the flux limiter. At X = 0.35 /um and an irradiance of = 1014 W-cm"2, satisfactory restitution is obtained for a thermal flux limitation of f = 0.03 [2].
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FIG. 1. Velocity of the glass D-T interface for a gold coated laser imploded microballoon.

3.2. Directly driven implosions
Directly driven implosions of microballoons have been performed with
Octal at X = 0.35 /xm. In spite of the two-dimensional irradiation due to the
beam arrangement, a high yield has been obtained by taking advantage of the
absorption and X-ray emission properties of high-Z materials. With bare targets,
the end of implosion appeared to be similar to the collision of planar disks;
this 2-D behaviour could be weakened in the case of gold coating, owing to the
noticeable preheat of the whole target which is due to the soft-X-ray emission
from gold [3].
In this type of target, the glass D-T interface appeared to encounter during
its flight a strong reacceleration. An example is shown in Fig. 1 for a 100 jum
diameter glass microballoon (1.3 (zm thickness) coated with 0.19 fxm of gold.
The process can be described as follows: First the glass is heated by the softX-ray emission from the gold, and an exploding pusher type behaviour drives
the glass D-T interface at velocities of approximately 3 X 107 cm-s" 1 . Meanwhile, a strong shock is generated at the ablation front, propagating with
increasing speed as the glass decompresses; when it is exhausted, the glass D-T
interface velocity reaches approximately 108 cm-s" 1 . High implosion velocities
are thus obtained, resulting in high neutron yield. Moreover, the initial high
aspect ratio of the target is rapidly reduced during the explosion phase, so that
a rather stable implosion is obtained.
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FIG. 2. Comparison of streak photographs (hatched zones) with the results of the radiative
heat conduction model (solid lines). The dotted lines represent the experimental radiative
front. The 10 fxm thick Al piston moves in (a) vacuum, (b) 2 bars of xenon gas, and
(c) 6 bars of xenon gas. The laser is incident from the right and the irradiance is about
4X 10* W-cm'2.

3.3. Radiative wave
First experimental evidence of a radiative wave propagating ahead of a
supercritical shock has been reported [4]. The target was a kind of miniature
shock tube (200 X 200 prni2 cross-section, 1 cm length) filled with xenon at
variable pressure and closed with a 10 jum thick aluminium piston on which the
laser beam was focused. The quartz walls of the tube permitted transverse
observation along the axis.
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Figure 2 shows that, in vacuum, a luminous front moves along the shock
tube with a nearly constant velocity of (5±1) X 106 cm-s" 1 (Fig. 2(a)). This
corresponds to the motion of the aluminium piston after irradiation with the
1.06 fim laser pulse at an irradiance of (4-1) X 1014 W-cmT2. When the shock
tube is filled with xenon gas, two additional effects can be observed:
(a) A luminous front moves ahead of the piston with a velocity of slightly more
than 107 cm-s"1, which corresponds to the propagation of a radiative wave.
(b) A high-Z obstacle situated at 750 /urn from the piston's initial position becomes
luminous just at the time when the thermal front arrives. The distance of 750 pm
from the piston to the obstacle corresponds to a few Rosseland mean free paths.
Comparison of Figs 2(b) and 2(c) shows that if the gas pressure is increased from
2 bar (p 0 = 10"2 g-cm" 3 ) to 6 bar, the radiative front velocity is decreased by a
factor of 1.4, while the piston velocity is unchanged. These observations are in
good agreement with theoretical predictions.

4.

THEORETICAL WORK

4.1. Interaction physics
The acceleration of a Maxwellian test electron population by a resonant
one-dimensional electrical structure has been studied in the convective regime
with the Zakharov equations [5]. Depending on the non-linearity level, the
acceleration is due to either diffusion or trapping by the plasma wave. Actually,
diffusion only occurs for low values of the non-linearity parameter and has been
found to be of the quasi-linear type. Trapping of electrons is the main heating
process in most cases. The present model shows that Landau damping deeply
affects the electron acceleration. Whenever electron heating is taken into account
self-consistently in the Landau damping computation, good agreement is found
between the hot electron temperatures calculated with the fluid model and those
calculated with a one-dimensional particle code.
The plasma waves generated by resonant absorption of light in the vicinity
of the critical density of laser produced plasmas are modelled by a non-linear
Schrodinger equation (NLS), with additional terms accounting for the presence
of a source and the inhomogeneity of the medium:
iEt + E x x + 2 ( | E 2 | - a x ) E = s
We study the transition from periodic to 'chaotic' emission of solitons as
a function of the value of the non-linearity parameter p = s 2 /2a 2 . Numerical
simulations of the NLS equation display the transition from a stationary electric
field profile to a periodic regime for p « 0.7, and then the transition from this
regime to a 'chaotic' regime for p « 1.2. In fact, from two-dimensional phase
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FIG. 3. Reduced distribution functions (unit density and temperature) in a Langdon
equilibrium for various values of the Langdon parameter Zv%mJTe:
A: 0 (Maxwellianj; B: 0.06; C: 0.6; D:6. w is the reduced velocity v(me/Te}ll2,

portraits and three-dimensional projections of the phase space through Poincare
sections, the periodic regime is seen to give place first to a subharmonic regime
after a single-period doubling near p = I and then to the emergence of a second
characteristic period near p = 1.1. The chaotic asymptotic regime is reached
with p = 1.2 [6]. Other diagnostics are implemented, such as Fourier transforms
of the electric field amplitude and a computation of the information dimension
of the attractor in a reconstructed arbitrary (finite) dimensional phase space.
The non-linear evolution of stimulated Brillouin and Raman scattering in
a homogeneous plasma has been investigated in several physical situations,
neglecting the kinetic effects. On the one hand, we studied the competition
between Brillouin scattering and Raman scattering: In order to find the prevailing
mechanism, we first compared the growth lengths of each process as a function
of the plasma parameters; then we numerically investigated the non-linear evolution of the system. On the other hand, we studied the non-linear saturation of
Raman reflectivity due to coupling of electronic plasma waves to ion sound
waves. This work has been performed in collaboration with S. Karttunen from
the Technical Research Centre of Finland [7]. A code has been written for the
study of the problem and different regimes have been observed. Depending
on the laser flux, the reflectivity can be chaotic in time, which corresponds to
the high flux regime, or it can reach a steady state value. In the first case, spiky
spectra and low values of reflectivity are observed; these features are in agreement
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FIG. 4. Reduction 0, of the thermal conductivity
as a function ofZ and v\ mJTe.

with present experimental data. In the second case, the coupling of plasma waves
to ion sound waves still leads to a reduction of reflectivity, although it is less
efficient than in the case of a high flux limit.
Particle simulations with the \j -D electromagnetic relativistic EUTERPE
code have been performed in order to quantify the influence of stimulated
Brillouin scattering (SBS) and, more generally, the influence of ion dynamics
on stimulated Raman scattering (SRS). Reflectivities, forward scattering and
electron heating have been measured in plasmas of both homogeneous and
inhomogeneous density, irradiated at 2 X 1015 W-cm"2 laser irradiance. The
electron temperature was initially 2 keV. With the flat profile plasma at
0.2 n c (critical) density, various ion masses and temperatures were used. The
lighter and the colder the ions, the more inhibited were SRX and the associated
fast electrons. Upon the onset of SBS, SRS saturation was observed when SBSdriven sound waves reached a large amplitude [8]. Two types of non-uniform
plasmas were chosen: one with (0.19-0.28) n c and the other with (0.15-0.22) n c
in a linear profile. In both cases, ion mobility led to an increase of the SRS
threshold and a reduction of the scattering efficiency. In the second case, with
a long density scalelength (250 laser wavelengths), an increase of SRS has been
observed; this can be explained by a change of the SRS growth behaviour from
a convective one to an absolute one, which is due to SBS drive turbulence [9].
4.2. Transport phenomena in non-Maxwellian plasma

A.B. Langdon calculated the electronic distribution function for a plasma
undergoing inverse bremsstrahlung absorption in an intense laser field. This led
us to extending the usual local thermodynamic equilibrium. If the hydrodynamic
quantities n e , T e , V (electron density, temperature and velocity) and the Langdon
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parameter Zvom e /T e (Z is the ion charge and v0 is the quiver velocity of an
electron in the laser field) all vary slowly in space and time compared with the
characteristic length and time of electron-electron collisions, then the electrons
will be in a 'local Langdon equilibrium'. The distribution function for heated
electrons then has a self-similar form, which is calculated numerically with the
Landau-Fokker-Planck collision term and the Langdon inverse bremsstrahlung
absorption term. The limiting cases of low field and high field are the Maxwellian
('exp(-v 2 )') and super-Maxwellian ('exp(-v 5 )') distributions (Fig. 3). Local
transport coefficients can be calculated from this equilibrium distribution
function, as Spitzer and Harm did with Maxwellians. In particular, the heat
flux is written as: q = - 0 t K VT e + K'Vn e ; the thermal conductivity is reduced
by a factor of between 0.3 1 and 1 (Fig. 4), and there is a heat flux along the
density gradient (even at constant temperature). This heat flux can be introduced
in a hydrodynamic code. In some cases, the corona temperature is found to
decrease to the laser temperature, whereas the usual code would give an isothermal
corona. This effect has been seen in Fokker-Planck simulations.
4.3. Laser-target acceleration
During the laser-target interaction, the propagation of an electron conduction
wave gives rise to ablation of the front surface of the target. This ablation creates
an ablation pressure P a which acts on the hydrodynamic behaviour of the inner
material. Our model [10] describes this action, neglecting a possible radiative
preheating [11], and gives the following phases:
(a)
(b)

te)

Formation of the first shock into the target.
Sequence of shocks (or compressions), followed by rarefaction waves:
propagation of the first shock, supposed to be a strong shock driven by Pa
in a material with y = 5/3; formation of centred rarefaction waves at the
rear surface which move back through the target; the reflection of these
expansion waves on the conduction front (or ablation front) produces
new compression waves; after this first cycle of rarefaction and compression
waves, a sequence of similar cycles begins in which, however, all waves are
mixed; this can be described by the pushing of a constant density target
by PaWhen the conduction waves emerge from the rear surface at time t s (end
of ablation), the influence of the laser is stopped and the evolution of the
rear surface can be described by studying the expansion of a plasma at
uniform temperature.

Scaling laws permit us to link Pa (supposed to be constant during ablation)
with the laser characteristics. The mass ablation rate, obtained in the same manner,
gives the duration of ablation. For a comparison with the results of some experiments [11, 12], we calculated the velocity of the rear surface of an aluminium
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F/C. 5. Rear velocity U as a function of the initial thickness e0 of an aluminium target
submitted to a laser (0.35 fjun, 2±0.5 X 1OM W-cm'2, 1 ns), obtained by: X-ray shadowgraphy (a), 0.53 \xm shadowgraphy (o), and a theoretical model (*).

target, as a function of the laser characteristics and the target thickness, at time t m
when the velocities are experimentally measured (corresponding to the end of
the laser pulse). For thin targets, a maximum velocity is reached if t m is greater
than t s . A minimum constant velocity is obtained for thick targets; the thickness
of these targets is such that, during t m , only the first shock can emerge from the
rear surface. Figure 5 gives a comparison of our model with the results of an
experiment performed at Limeil. For this experiment, as well as for others
(performed at Limeil and Palaiseau [10]), the data are in good agreement with
the results of our model. Particularly, we give an explanation for the existence
of a maximum velocity in a thin target and a minimum velocity in a thick target.
4.4. Lasing transitions
Following the accomplishment in 1984 of the first-ever unambiguous
demonstration of soft-X-ray lasing at Lawrence Livermore National Laboratory
[13], at wavelengths of 206 A and 209 A in a laser produced selenium plasma,
we focused our efforts on the construction of an atomic model of highly ionized
ions. This model includes the thirteen most relevant F-, Ne- and Na-like
configurations: Is 2 2s 2 p s , 2p43J2, 2p 6 , 2p53C and 42', 2p63)2 (£ = 0, 1,2;
8' = 0, 1,2, 3), which represent 129 levels in LSJ coupling. The excited levels
above 4f or 3d through n = 10 are consolidated by principal quantum numbers.
This atomic plasma simulation is completed by the ground states of the other
ionization stages, consolidated by n-levels (n < 11). These various states are
coupled by electron collisional excitation and de-excitation, spontaneous
radiative decay, collisional ionization, and three-body radiative and dielectronic
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recombination. The main atomic problem is the determination of all the level
energies, statistical weights and spontaneous radiative probabilities with the
SUPERSTRUCTURE [14] computer code, the calculation of the different collision
strengths for four different incident electron energies with the computer
package DW + JJOM [15], and the determination of the dielectronic recombination rate coefficients with the AUTOLSJ [16] code; all these calculations are
performed at the Observatory of Meudon. Compared with published data, they
seem to be satisfactory (maximum of relative errors: 1%) [17, 18] and they are
much more complete (first evaluation of the collisional excitation rates along
the 4-3 and 4-4 transitions). These data have been or are being established for
nine elements (Ar, Fe, Ge, Se, Kr, Sr, Y, Mo and Ag) and we try to detect
Z-scalings for all of them, using non-linear least-squares methods. All these
atomic data are used in the time-dependent model LASIX which, coupled with
the hydrodynamic 1-D code CHIVAS, restitutes the correct gains from the LLNL
observations and allows us to clarify the major discrepancies between these experiments and theory (low gain observed on a J = 0 to J = 1 3p-3s transition at 183 A
[19]). If we assume that a selenium plasma is created by a 0.53 jum laser with
5 X 10 13 W- cm" 2 , the hydrodynamic evolution of the plasma can be described by
an electronic temperature which reaches 1.2 keV and decreases to 700 eV, and
a flat compression factor (about 10~3). Under these conditions, the average
nuclear charge of the plasma may be considered to be constant (Z ~ 25.70,
corresponding to a predominance of oxygen-like and fluorine-like ions).
Concerning the 3p-3s transitions in neon-like selenium, the highest gains are
predicted for the J = 2 to J = l lines at 206 A and 210 A (10 cm"1 and 5 cm" 1 ).
The gains predicted for the J = 0 to J = 1 transition (at 183 A) do not exceed
0.25 cm" 1 , which is in good agreement with the Livermore X-ray experiments.
However, LASIX and our atomic model allow us also to explore new lasing
fields, especially with shorter wavelengths (4-3 transitions, with a change of the
principal quantum number, for example at 30 A for selenium) and with other
target materials (molybdenum or silver; in these cases, the 3p-3s wavelengths
are reduced to 133, 139 and 131 A for Mo, and to 168, 102 and 177 A for Ag).
All these studies may lead to the determination of the maximum efficiency of
X-ray lasers, i.e. the maximum gain along the shortest possible wavelength, with
respect to the atomic number.
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DISCUSSION
C. YAMANAKA: Instability due to R-T phenomena is a very interesting
but difficult problem. How do you eliminate such effects in pellets in a state
of high compression?
J.-P. WATTEAU: We hope that with our plane target experiments it will
be possible to model such instabilities in the non-linear regime as well as the
corresponding mixing, in order to improve our implosion target design and to
reduce this effect; improvements will be checked by observation of neutron
emission with time resolution.
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PROGRESS OF INERTIAL CONFINEMENT FUSION
AT LAWRENCE LIVERMORE
NATIONAL LABORATORY*
E. STORM
Inertial Confinement Fusion Program,
Lawrence Livermore National Laboratory,
Livermore, California,
United States of America
Abstract
PROGRESS OF INERTIAL CONFINEMENT FUSION AT LAWRENCE LIVERMORE
NATIONAL LABORATORY.
The attainment of high gain fusion pellet performance with a multi-megajoule driver
is required for the full realization of the potential benefits of inertial confinement fusion (ICF).
The achievement of high gain is also necessary for experimental demonstration of the scientific
feasibility of economic ICF power production. The completion of the 100 kJ/100 TW class
Nova laser target facility has permitted extension of the short wavelength laser/target interaction and implosion experiments to target and plasma scales more relevant to the high gain
parameter regime. New results have been obtained on basic target/driver interaction and
diagnostic development.

The full realization of the potential benefits of inertial confinement fusion
(ICF) requires the attainment of high gain, i.e. high yield (400-1000 MJ), fusion
pellet performance with a multi-megajoule driver. The attainment of ignition
and breakeven will be an important scientific achievement, but high gain is
required to experimentally establish the scientific feasibility of economic ICF
power production. In addition, the large fluxes of X-rays and neutrons available
from such a target would satisfy the requirements for a broad range of applications.
To achieve high gain with 5-10 MJ of driver energy, the requirements on the
target implosion are stringent. The 2-10 mg of D-T fuel must be compressed to
a density of about 200 g/cm 3 . The density-radius product (pr) of the fuel must
be greater than about 3 g/cm2 for efficient burn. The thermonuclear burn of
the fuel must be initiated in a high temperature (3-5 keV) central hot spot (a few
per cent of the fuel mass). The pr of this region must be above 0.3 g/cm2 so that
the alpha particles will deposit their energy locally and initiate burn in the cold,
main part of the fuel. The fuel-to-ablator mass ratio must be as large as possible,
Work performed under the auspices of the United States Department of Energy,
under Contract No. W-7405-ENG-48.
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implying that cryogenic fuel must be used. The implosion velocity must be
uniform over the spherical surface of the capsule to within about 1% in order
to avoid fluid instability breakup of the ablator during the compression. To
allow the lowest driver energy, the driver/target coupling should be very efficient
and the fuel preheat low. Preheat from early shocks and X-rays must be minimized
as well as that from hot electrons to keep the fuel on a nearly Fermi-degenerate
compression path. To limit the impact of instability growth, it is advisable to
have a low capsule aspect ratio (ratio of the shell radius to its thickness) and to
gradually accelerate the pusher during the whole implosion. In order to
accomplish this, it is desirable to temporally shape the driver pulse. Our strategy
for accomplishing all of the above requirements is to emphasize radiation (X-ray)
driven targets, to seek methods of using cryogenic fuel, to study laser/target
coupling at wavelengths of < 0.5 ^m, and to develop a low cost (< US $50 per
joule) driver capable of igniting a high-gain target.
The completion of the 100 kJ/100 TW class Nova laser target facility has
allowed us to extend our short wavelength laser/target interaction and implosion
experiments to target and plasma scales (~10 4 times A) more relevant to the
high gain parameter regime. Recent results relevant to basic target/driver interaction and diagnostic development include: confirmation that stimulated
forward Raman scattering is responsible for the production of a 'super hot'
component of the X-ray spectrum for laser irradiated targets, and quantification of this process as a function of laser wavelength and intensity;
quantification of X-ray conversion efficiency as a function of laser intensity
(5 X 10 1 2 <I <5 X 1015 W/cm 2 ) for X = 0.26, 0.35, 0.53 and 1.06 jum;
generation of 130-150 Mbar pressures; fusion yields of 1013 neutrons and
efficiencies of 0.18%, with directly driven D-T filled glass microshells as a
source of 14 MeV neutrons for advanced neutron diagnostic development.
In recent indirectly (X-ray) driven implosions, confinement density-time
products of (1.5-3) X 1014 s/cm3 were obtained at D-T fuel ion temperatures
of 1.5-1.7 keV (see Fig. 1). In future experiments, using the full 50-80 kJ
(0.35 jum, 1.5-3 ns) drive capability of Nova and more fully optimized targets,
we expect to obtain several-fold improvements in these implosion parameters.
In the area of materials science and target fabrication, perhaps the most
exciting progress has been the development of low density, low Z foams that
act as a carrier matrix for liquid D-T. This permits the production of nearly
ideal, high gain, directly driven ICF targets with thick (several 100 pm) shells
that consist of about 80% liquid D-T and about 20% CH.
The demonstration of very high damage threshold phosphate, fluorophosphate and fluoride glasses, extremely high efficiency (S 80%) semiconductor
diode arrays, demonstration of high growth rate (10-15 mm/day) techniques
for KDP crystals and other high conversion efficiency non-linear crystals are
a few of the recent developments that have contributed to our growing confidence
that low cost (< US §50 per joule) solid state lasers in the 5-10 MJ, 300-500 TW
range are technically achievable.
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XUV laser lines observed to date
•

Ne-like selenium: 182, 206, 209, 221,263 A

•

Ne-like yttrium: 155, 157, 165, 218 A

•

Ne-like molybdenum: 104,131, 133, 139,142 A

•

H-like oxygen: 102 A

•

Nickel-like Europian: Several lines,
80 A - 110 A (preliminary)

Measured output power to date is > 1-10 MW for Se: 206,
209 A lines
Propagation in inhomogenous plasma is an issue for XUV lasers
X-ray optics for cavity components have been fabricated and tested

FIG. Id. Status of XUV laser experiments at Nova.
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DISCUSSION

H. HORA: After the very great progress you have made, your aim is now
spark ignition with a 1000-fold increase in solid-state D-T. Taking into account
the difficulties of spark ignition, could you comment on Yamanaka's volume
compression system, where lower densities can yield the same gains?
E. STORM: It is our opinion that volume compression heating will require
more energy than in fact would be obtained from a spark plug, but I am
unfortunately not in a position to discuss the details at present.
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Abstract
X-RAY CONFINEMENT IN A LASER HEATED CAVITY.
The confinement of thermal x-ray radiation in 0.6-2 mm dia. gold cavities heated by
3 kJ/300 ps/0.53 pm laser pulses from the Gekko XII laser has been investigated. A radiant energy flux
corresponding to a brightness temperature of 192 eV has been achieved with one- to two-fold reemission of the x-rays generated at the wall of the cavity. It is concluded that a higher temperature can
be attained with a shorter wavelength laser.

The possibility to implode a fusion capsule by the very
intense, isotropic soft x-ray radiation generated with the help
of modern pulsed power sources, in particular lasers, is of
crucial importance for inertial confinement fusion [1,2]. The
isotropic radiation is generated in an about mm-size cavity of
high-Z material whose inner surface is heated by the source to
such a high temperature (of the order of several hundred eV)
that it becomes an intense radiator of thermal soft x-rays.
In the closed geometry of a cavity the wall may provide radiation confinement through multiple re-emission of the source
* Work supported in part by the Commission of the European Communities in the framework
of the IPP-Euratom Association.
1

2

Currently guest scientist at Institut fur Neutronenphysik und Reaktortechnik,
Kernforschungszentrum Karlsruhe, Fed. Rep. Germany.
On leave from Institute of Laser Engineering, Osaka University, Japan.

25

26

MOCHIZUKI et al.

energy in the form of thermal x-rays. It has recently been found
in preliminary experiments that x-ray generation in a laserheated cavity behaves differently due to energy confinement [3].
Through the confinement effect an enhanced x-ray flux and very
uniform conditions may be generated in the cavity, provided the
source is powerful enough [4,5]. So far,the generation of x-rays
in laser-heated cavities has been investigated using low energy
laser pulses [3,5]. In this investigation we report experiments
on radiation confinement using more energetic laser pulses where
the effect should become important.
X-ray generation and confinement in a laser-heated cavity
has been studied using empty 0.6-2 mm/30 um thick gold cavities
heated with 0.3~3 kJ/300 psec/0.53 um laser pulses delivered by
one to six beams of the Gekko XII laser system. The laser light
absorption was measured by a set of plasma calorimeters. The
x-ray spectral intensity in the cavity was monitored by observing x-rays emitted through a small diagnostic hole. Filtered
x-ray photodiodes (XRD) and spatially resolving transmission
grating spectrometers (TGS) produced time-integrated spectra,
while time-resolved spectra were obtained using x-ray streak
cameras (XRSC) in combination with transmission gratings. The
observation angles were chosen in such a way that the x-ray
diagnostics should not see the cavity wall element which is
directly heated by the laser at the first bounce in the cavity.
The measured x-ray flux, therefore, originates from a wall
element which is indirectly heated by cavity-confined x-ray flux
and multi-reflected laser light. The laser focusing was also
carefully arranged not to irradiate the rim of the observation
hole. As precaution, a plastic shield was attached to the cavity
in the vicinity of the entrance hole so that the direct viewing
of the entrance hole rim by the diagnostics is obstructed.
Figure la shows a 2 mm diameter cavity with entrance and
diagnostic hole as seen from the direction of one of the transmission grating spectrometers. The spectrometer consists of a 25
um diam. pinhole with an integrated transmission grating of 1000
lines/mm. The pinhole generates in zeroth order a picture of
the radiating cavity (see Fig. lb) on which the entrance and
diagnostic hole as well as some spurious radiation from the
outer surface of the cavity may be recognized. The grating bars
disperse the radiation in one (the vertical) direction and
enable an absolute, time-integrated measurement of the spectrum
on calibrated Kodak 101-01 film [5].
An example of a time-resolved x-ray spectrum emanating
from the interior of the cavity (through the diagnostic hole) is
shown in Fig. 2. It represents the instantaneous x-ray spectral
intensity at the time of peak emission and it has been obtained
by deconvoluting the corresponding XRSC record. The absolute
calibration of the time-resolved spectra is performed by comparison of the (numerically) time-integrated XRSC records to the
absolutely measured TGS spectra. The XRSC measurements show a
radiation time of typically ~ 550 ps, i.e. somewhat longer than
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cavity

L-30

F/G. 7. (1^ Spherical, 2 mm dia. gold cavity with an entrance hole for the six laser beams from the
Gekko XII laser and a diagnostic hole.
(b) Soft x-ray pinhole image of the cavity projected onto film by a 25 nm dia. pinhole with an integrated
transmission grating of 1000 lines per mm. Note the spectra generated in the vertical direction by the
radiation emanating from the entrance and diagnostic hole.

the laser pulse duration of 300 ps (a detailed account of the
time-resolved XRSC spectra will be given elsewhere).
By integrating the TGS spectra over wavelength and
dividing through the radiation time, the radiant energy flux S
in the cavity is obtained. This flux may be characterized by a
time-average brightness
temperature. The highest measured
brightness temperature is 192 eV (associated with the spectrum
shown in Fig. 2) and corresponds to a radiant flux of 1.5 x 1 0 1 4
W/cm2. For the same shot the XRD signal gives a temperature of
195 eV.
Figure 3 shows the radiant energy flux S versus the
absorbed laser flux S. for all the shots made in this experimental campaign. The pT.asma calorimeters indicated an absoption
of typically ~ 0.6 for a wide range of intensity, indicating
efficient confinement of laser light inside the cavity. The
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H1MICO (closed geometry)

Planckian
experiment

HIMICO (open geometry)

MA)
FIG. 2. Instantaneous spectral intensity at peak emission of the radiation emitted from a gold cavity
(D = 600 fim) heated by three beams of the Gekko XII laser with an average laser intensity of
3.0 x ]014 W/cm2. The solid line represents the experimentally obtained spectrum. The accuracy in
the absolute values is estimated to be ±20%. The dashed lines represent the HIMICO code predictions
for open and closed geometry. The theoretical spectra have been numerically smoothed to give a spectral
resolution corresponding to the experimental one (~ 5 A). For comparison, the Planckian spectrum is
shown (dotted line) corresponding to an average brightness temperature of 192 eVand a radiation time
of550ps.

large scatter in the data for the three shots with the highest
intensity may be due to plasma filling of the cavity and to
misalignment of the laser beams resulting in deposition of laser
energy at the rim of the entrance hole. This energy, although
absorbed, does not contribute to the cavity heating.
The radiation confinement in the cavity was studied in
parallel theoretically, using 1) self-similar solutions [4] in
combination with the code HOLRAD [5] and 2) the 1-D spherical
hydrocode HIMICO [6]. Results of these calculations are included
in Figs 2 and 3.
The first approach gives the basic scaling relations and
limits under idealized assumptions. A planar cavity of two
distant walls is considered. The density and temperature profile
of the expanding hot wall material is obtained from the LTE
solution of the radiative energy transport problem into the
walls, the ablative heat wave [4]. Consequently, HOLRAD solves
the radiation transfer equation for these profiles on the basis
of spectral opacities for gold, calculated in hydrogenic average
ion approximation [5]. In this way, spectra and a corrected x-ray
flux are obtained, taking the finite optical thickness of the
hot material into account. Figure 3 shows the HOLRAD prediction
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FIG. 3. Radiant energy flux Sx through a diagnostic hole of a laser heated cavity versus averaged
(over the cavity inner surface) absorbed laser flux SL. The points represented by triangles are obtained
from the TGS data with a radiation time of 550 ps. The open squares are the peak emission values from
the XRD signal. Also shown is the scaling law predicted by the self-similar solution ofRef. [4] for LTE
conditions and maximum possible material opacity as well as for realistic gold opacities and correction
for finite optical thickness (HOLRAD code). Finally, the predictions of the fully self-consistent code
HIMICO for closed and open geometry are represented by the shaded areas.

for gold under the optimistic assumption that the total absorbed
laser flux is converted into x-ray flux which serves as input to
the ablative heat wave in the cavity wall. Also shown is the uncorrected LTE prediction for a wall with the maximum possible
opacity [4] . It is considered as the upper limit of the radiant
energy flux one can hope to achieve in the cavity.
A more detailed, self-consistent simulation of the
experiments is afforded by HIMICO [6]. This code includes multigroup radiative transport, non-LTE atomic physics, detailed
physics of laser-plasma interaction, the actual laser pulse
shape and the effects of the spherical geometry and the finite
cavity size. As input,the measured values of the absorbed laser
intensity are used. The closed geometry is simulated by imposing
the boundary condition of vanishing net x-ray flux at the
plasma-vacuum interface. Physically, this condition means that
each wall element accepts, in addition to the direct laser intensity, an amount of x-ray intensity from the opposite wall
equal to the amount emitted. To simulate the case of open geometry, we remove this boundary condition, thus allowing the x-ray
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intensity generated by each wall element to escape without
reaching the opposite wall.
A measured XSRC spectrum and the corresponding timeresolved HIMICO spectra for open and closed geometry are compared in Fig. 2. As is seen, there is good agreement, both in
absolute value and
overall shape of the
spectrum
with
the
prediction for closed geometry. The spectrum calculated for open
geometry is seen to be lower by a factor of about 3 in absolute
value than the measured one. It is found in these experiments as
well as in previous ones [5] that as the absorbed laser intensity increases, the spectrum approaches the Planckian corresponding to the LTE prediction for the wall temperature.
However, spectral structures attributed to N- and O-shell excitation of multiply ionized gold still remain visible,as seen in
the spectrum of Fig. 2. This is a result of incomplete equilibrium in the cavity at the achieved conditions.
As seen in Fig. 3, the more realistic HIMICO simulations
give a somewhat lower radiant flux than HOLRAD. However, the
slope is very similar for both codes in the intensity range of 2
to 7 x 1 0 1 3 W/cm2 where the finite cavity size should not be
important. It is found that HIMICO reproduces well the experimental points in this range. The data show the ratio S /S., to be
close to unity.
Based on this agreement the quality of radiation confinement achieved in the experiment may be estimated by comparison with HIMICO predictions for open geometry. A simple energy
balance consideration gives the ratio of the radiant energy flux
for closed and open geometry at constant source flux as
S (closed)
-*
= 1 + N
S (open)
where N
(circulating radiant energy flux/ablative heat wave
source flux) is the quality factor for radiation confinement [4]
in the cavity (being numerically equal to the number of re-emissions of the source energy in the cavity). It should be emphasized that the flux into the ablation heat wave is only a fraction of the absorbed laser flux because, as suggested by planar
target experiments [7], the absorbed energy is only partially
converted in the transition region into thermal x-rays. With S
(closed)/Sx (open) - 2 - 3
(see Fig. 3), one finds N = 1 - 2?
i.e. a one- to two-fold re—emission of the energy converted into
thermal x-rays at the wall of the cavity. This interpretation of
the results is, however, only approximate because the difference
in laser conversion efficiency and re-emission from the ablative
heat wave between open and closed geometry and the influence of
the radiation from the transition region has been neglected.
A radiant energy flux exceeding the absorbed laser flux
could not be achieved in these experiments because the con-
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finement effect is more than compensated by the low instantaneous conversion rate of laser light into x-rays (approximately 20 % according to HIMICO calculations for open geometry).
The large fraction of energy consumed by the plasma in the transition region makes the production of radiation in the thermal
wave region inefficient. Due to the inaccessible geometry of a
cavity, it is difficult to keep track of the energy partition
into the various channels.
It may be possible to improve the radiation confinement
in the cavity by optimizing the wall material with respect to
opacity. However, because the achievement of high temperatures
in the cavity requires even for maximum opacity an intense laser
flux, it is of concern that at the high intensity end of the
experimental range the radiation energy flux seems to increase
more slowly than at lower intensities, both in the experiment
and simulation. This may be attributed to the degrading laserplasma interaction in combination with plasma filling of the
cavity, and also to poor radiation - ablative heat wave coupling
since at higher laser intensities the spectrum produced in the
transition region is considerably harder and, because of its
longer mean free path it penetrates deeper inside the target
wall. Filling can be avoided by choosing larger cavities, but
then larger pulse energies are needed. A more favourable
laser-plasma interaction and improved efficiency of x-ray
conversion should be obtainable by shorter wavelenght lasers
[8]. It remains to be seen whether in this way the conditions
required for inertial confinement fusion can be met by lasers.
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DISCUSSION
H. HORA: In your curve showing the calculation using the HOLRAD code, the
X-radiation attained higher power than the laser power. I am sure that this can be
explained by changes in the pulse length. Could you comment on this?
S. WITKOWSKI: The measured internally circulating radiation phase may be
higher than the laser phase because of radiation confinement. The radiation losses
through the cavity holes are small and can be disregarded. Therefore, the radiation
inside the cavity may persist for a longer time than the laser pulse, even if its intensity
is higher.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH BY GEKKO LASERS AT ILE OSAKA
AND TARGET DESIGN FOR IGNITION.
Direct and indirect drive implosions have been investigated by GEKKO lasers with new
diagnostics and computer simulations. For direct implosion, a new compression scheme with
large high aspect ratio targets has been demonstrated by GEKKO XII green beam D-T experiments to yield 9.4 X 1012 neutrons. The areal mass density of fuel was estimated by the
secondary fusion reactions in D-D fuel. The implosion dynamics investigated by an X-ray
streak camera show shock wave multiplexing by successive acceleration of a pusher. A radiation driven Cannonball implosion has been used to investigate how the laser pulse shape is
related with the X-ray pulse and the implosion dynamics. The radiation driven ablation
and implosion processes could be clarified by X-ray streak pictures with X-ray
backlighting. It has been found that a flat top laser pulse with shorter FWHM is better
a higher neutron yield. For igniting fuel at the centre of a pellet, the symmetry of the hot
spark and the related energy transport are crucial. The high density plasma effects on the
heat transport and the hydrodynamic stability were investigated with regard to ignition
target design. Since the contact surface between fuel and pusher is strongly unstable in the
stagnation phase, a shock multiplexing implosion is of interest for obtaining data on laserfuel coupling without stagnation. In a one-dimensional simulation of this implosion it has
been shown that D-T fuel could be ignited at a laser energy higher than 100 kJ with
X = 0.35 jxm.

1.

INTRODUCTION

The GEKKO glass laser systems have been used for investigating both direct
and indirect implosions. In 1984, the GEKKO XII was converted to a green
beam laser. The other lasers, GEKKO IV and GEKKO Mil, were changed to
33
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0.25 jum and 0.35 /itn, respectively. Because of the lower fluence of hot electrons
in these shorter wavelength lasers, a new implosion scheme (Large High Aspect
Ratio Target, LHART) has become applicable. This is a stable ablative implosion
in the shock multiplexing mode [1].
Necessary conditions for a perfect implosion [2] are the following:
(a) Good laser-fuel coupling efficiency (better than 5%);
(b) Low isentrope (lower than that for a temperature of 10 eV at liquid
density);
(c) High ablation pressure (more than a few tens of Mbar);
(d) Small non-uniformity of implosion velocity (less than 3%).
These GEKKO laser experiments confirmed that the short wavelength
laser implosion fulfils conditions (a)-(c). However, the fourth condition was
still in question. With a new implosion scheme, the 'shock multiplexing
implosion', a highly symmetric compression and high neutron yield could be
achieved.

2.

DIRECT IMPLOSION

Directly driven implosion has been extensively studied in the wake of the
completion of short wavelength laser systems. In a long wavelength laser (for
instance 1 nm), hot electrons play a significant role in the energy transport by
preheating the fuel and exploding the pusher. However, in a short wavelength
laser, the energy transport is dominated by thermal electrons, which ablate the
outer surface of the pusher, generating high pressure (>20 Mbar) to drive the
residual pusher and fuel inwards.
The general features of conventional implosions with thick-shell targets
are described as follows. The pusher is accelerated by the ablation pressure and
a shock wave in the fuel travels faster than the pusher implosion. In a onedimensional simulation, the temporal evolution of the neutron yield has a
shelf between the first shock reflection and the imploded pusher stagnation.
The neutrons observed in experiments are close to the value at the shelf.
Therefore it is suspected that the pusher mixes with the fuel during the stagnation period, as has been suggested theoretically [3].
Implosion dynamics and temporal evolution of neutron yield for a large
high aspect ratio target experiment and simulation are shown in Fig. 1. In this
implosion mode, the neutron production rate has one peak in time since the
pusher is accelerated fast enough to follow the shock front in the fuel, where
the maximum neutron production and the maximum compression occur almost
simultaneously when the reflection shock reaches the contact surface. In this
scheme - the 'shock multiplexing implosion' - the highest neutron yield of
9.4 X 1012 has been achieved with the GEKKO XII green beam. A glass micro-
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FIG. 1. Flow diagram and temporal evolution of neutron yield, ion temperature, fuel density
and area! mass density for GMB of 1235 pm diameter and 1.31 [im thickness with 6.2 atm D-T.
(a) Flow diagram and positions of the pusher-fuel contact surface, measured with an X-ray
streak camera.
(b) Neutron yield, ion temperature, fuel density and areal mass density of a simulation; arrows
indicate the experimental results.

balloon with a large diameter (1235 /im) and high aspect ratio (470), filled
with D-T fuel of 6.2 atm, was irradiated by green beams of 13 kJ with a 1 ns
pulse. This neutron yield corresponds to 2.0 X 10~3 times the input laser
energy. Figure 2 shows the laser energy dependence of the neutron yield and
the pellet gain.as obtained by ILE, Osaka University; Lawrence Livermore
National Laboratory, University of California (LLNL); and Laboratory for
Laser Energetics, University of Rochester (LLE),
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FIG. 2. Neutron yield and pellet gain versus laser energy from ILE, Osaka, LLNL and LLE.

For the shot with the highest neutron yield, the ion temperature, the
neutron yield and the timing of the neutron pulse are shown by arrows in
Fig. 1. Figure 3 presents a comparison of neutron streak measurements of
the temporal evolution of neutron production with simulation results. The
timing and duration of the observed neutron pulse reasonably agree with the
ILESTAR simulation prediction.
Figure 4 shows the dependence of the neutron yield on the target aspect
ratio. Although the data points are scattered, the best shots for various aspect
ratio targets are connected by a curve. The curve indicates that the optimum
aspect ratio, A, is 400-500, and the neutron yield is proportional to A6 for
A < 400.
Another feature of the LHART implosion is the high coupling efficiency
between laser and D-T fuel. The D-T fuel accumulates on the inner surface.
of the pusher and forms a hot dense fuel layer which is accelerated to a very
high velocity (~ 108 cm/s), as shown in the space-time diagram of Fig. 1. In
the final stage of the implosion, the SiO2 pusher is almost ablated and only
the accelerated fuel layer remains. Therefore, we can expect that the coupling
efficiency becomes very high. For the velocity V and the total mass Mp of
the fuel layer, the total fuel energy E F is approximately given by
1+

I) 2

where 7 is the specific heat capacity ratio.

IAEA-CN-47/B-I-4

37

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.S

Time (ns)
FIG. 3. Comparison of neutron streak measurements of the temporal evolution of neutron
production with simulation results.

Evaluating the implosion velocity V by the rocket model, we obtain a
scaling law for the coupling efficiency, T?C = E F /W L , where WL is the input laser
energy. Figure 5 shows the scalings together with the LHART experimental
results, which are estimated from the ion temperature measured by neutron
time of flight. The curves A, B and C are for target diameters of 1200 nm,
1000 /um and 800 fim, respectively. The mass ablation rate rh is assumed to be
m = 1.5 X(I a b /10 1 3 W/cm 2 ) 0 - 5 X 10s g/s-cm2
All experimental data for the large diameter targets («1200 /urn, indicated by °)
are approximately on curve A. The experimental data for the smaller diameter
targets (•, A and x) are on curves B and C. We note in Fig. 5 that a coupling
efficiency of more than 5% has been achieved in the LHART experiment.
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(pR){ measured by the secondary reaction is shown by •. The Pr activation signal is shown at
the bottom.

The space resolved X-ray spectroscopy measurements and the X-ray pinhole
images show conclusively that the core is round (30% sphericity) and that the
pusher does not mix with the fuel. Plausible mechanisms for stabilization are
the decrease of the target aspect ratio during the implosion and the decrease
of the At wood number on the pusher-fuel contact surface.
Radiochemical measurements of areal mass density have been developed for
the diagnostics of compressed fuel [4]. The multi-activatable tracer method is
applied for measuring the pusher areal mass density by means of a highly pure
germanium detector. Figure 6 shows the measured pusher pR for high neutron
yield implosions. We were able to clarify how the pusher (pAR) p increases and
the neutron yield decreases with the increase of the initial pusher areal mass
density.
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In the first experiments of the secondary nuclear fusion reaction method
we succeeded in measuring the fuel areal mass density of imploded D-D fuel [5].
There are two branches in the secondary fusion reactions:
Neutron branch: D + D = P(3.02 MeV) + T(1.01 MeV)
D + T = a + n(ll.8-17.1 MeV)
Proton branch:

D + D = n (2.45 MeV) + 3 He (0.82 MeV)
D + 3 He= a + P ( l 2 . 5 - 1 7 . 4 MeV)

When the fuel areal mass density (pR)f is lower than the stopping range of T
and/or 3 He, the ratios of the secondary reaction rates (R.^2 for the n-branch and
R p 2 for the P-branch) to the primary D-D fusion reaction rates (RT>] and R ^ , ] )
are proportional to (pR)f as follows:
n-branch R n;2 /R T ,i = 0-09 (pR) f
3

He-branch Rp )2 /R H e,l = ° - 1 4 CpR)f

The results for the dependence of (pR)f on the initial pusher 2 (pAR)p are shown
in Fig. 6. This method is applicable to the fuel pR measurements for the n-branch,
up to (pR) f ~ 2 0 mg/cm2 at Te = 1 keV, and (pR) f ~ 200 mg/cm2 at Te = 10 keV.

3.

INDIRECT IMPLOSION

In order to achieve high density compression, our implosion studies are
concentrated on the radiation driven Cannonball target which has a large outer shell
and a large inlet hole. In the Cannonball target, the laser absorption efficiency
depends not only on laser intensity but also on cavity size and pulse width [6]. The
observed absorption efficiencies are duplicated well by the HISHO code with
three-dimensional laser ray tracing. The hard X-ray spectrum and the electron
spectrum from the Cannonball radiation experiments indicate less hot electron
generation and low preheating; however, in the small cavity Cannonball experiment the suprathermal electrons are produced around the inlet hole to preheat
the fuel and degrade fuel compression [7].
The intensity and pulse shapes of soft X-rays which mainly drive the fuel
pellet are especially important for achieving high density and high neutron
yield. In the GEKKO XII experiments, we investigated how the soft X-ray
intensity and pulse shape are related with the laser pulse. Figure 7 shows the
temporal evolution of cavity X-ray emission. The X-ray emission from the
cavity wall heated directly by laser beams rises simultaneously with the laser
pulse (see (a), (b) and (c)). On the other hand, the X-ray emission from the
wall that is not heated directly by laser beams is delayed by more than 300 ps
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FIG. 8. X-ray streaked shadow image of a Cannonball target inner shell and the relevant
simulated flow diagram. The closed circles represent the density peaks derived from the
shadow data using Abel inversion and assuming axial symmetry of the density profile. The
Cannonball outer shell was a 2000 pm (p gold shell and the inner shell was a 6. 75 pm CF
coated glass microballoon, 401 pm (j> and 0.98 pm thick.

with respect to the laser pulse (see (d), (e) and (f)). The intensity of the emission
from the indirectly heated wall is 2-3 times lower than that from the directly
heated wall for the long pulses ((d) and (e)). For both the tailored laser pulse
and the long square pulse, the conversion efficiency of laser energy to X-ray
energy decreases significantly in the rear side of the pulse, as shown in (a) and
(b). The overall conversion efficiency is bad for the tailored pulse and good
for the short square pulse. The mechanism of these tendencies is as follows.
After about 1 ns, the cavity (diameters 2.5-2.0 mm) is filled with a low density
corona plasma and the injected laser energy is mainly absorbed in it; the corona
plasma can be thermally decoupled from the dense wall plasma [8]. We concluded
that the tailored laser pulse is not appropriate for efficient radiative implosion at
present laser energy levels. Actually, the neutron yield was higher in the short
square-pulse irradiation than in irradiations with the long and/or tailored pulses.
The GEKKO IV results also indicate that long pulse irradiation is not favourable
for the generation of soft X-rays {hv < 1 keV) although the X-ray energy
increases [8]. It should also be noted that in this case the intensity of the
X-ray emission from the indirectly heated wall becomes comparable to that
from the directly heated wall (Fig. 7(c) and (f)).
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Uranium cavity

(a)

Gold cavity

(b)

FIG. 9. Temporal evolution of soft X-ray spectra from a uranium cavity (a) and a gold
cavity (b). The colours indicate the spectral intensity.

With the X-ray backlighting method, we observed implosion dynamics
of fuel pellets driven by X-ray radiation in the gold cavity for the square laser
pulse of 1.3 ns. Figure 8 shows an X-ray shadow image of a Cannonball target
shell and the flow diagram of the HISHO simulation. The observed implosion
velocity of 2 X 107 cm/s agrees well with the value predicted in the simulation.
The ablation pressure obtained by the simulation is 15-20 Mbar. which also
agrees with the theoretical scaling [9] for the observed brightness temperature
of about 130 eV.
In the square pulse experiments, we investigated the shell thickness
dependence of the neutron yield. We compared the simulation results of
HIMICO with the experimental results for neutron yield. The experimental
results for the shell thickness dependence of neutron yield agree reasonably
well with the simulation results for neutron yield at the first shock. We
realized from these results that the pusher fuel mixing is also serious in radiation
driven implosions.
Finally, we succeeded in taking the temporal evolution of the soft X-ray
spectrum of a uranium cavity. Figure 9 shows a comparison of the uranium
cavity spectrum and the gold cavity spectrum. These spectra consist of
nitrogen shell emissions and oxygen shell emissions; the photon energies for
uranium are higher by 100-300 eV than those for gold. In Fig. 9, the spectrum
shifts of uranium towards the shorter wavelength are compared with those of gold.
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FIG. 10. Driver energy dependence of maximum ion temperature (T-J and areal mass
density (pR) of the imploded cryogenic D-T fuel. The case with alpha particle transport
in the simulation code is denoted by solid circles, the case without alpha particle transport
is denoted by solid triangles.

4.

DESIGN OF IGNITION TARGET

For the ignition of fuel at the pellet centre the hot spark symmetry and
the energy transport in fuel are crucial. Since plasmas around the hot spark
are compressed to high density, the high density plasma effects on the radiative
and atomic processes are important. These considerations led us to investigate
the implosion stability and the high density plasma effects.
It was found that the ablation front is rather stable during short wavelength irradiation because of the high mass ablation rate; vortex shielding
and/or fire polishing stabilize the Rayleigh-Taylor modes [10]. However, the
contact surface between fuel and pusher is strongly unstable in the stagnation
phase since there is no ablative stabilization [3]. As a result, the fuel mixes
with the pusher. Therefore, it is difficult to expect high neutron yield in the
maximum compression phase of the thick pusher shell target implosion. We
propose that the fuel shell should be self-compressed, without strong pusher
action. An implosion simulation with a stability analysis indicated that the
neutron yield is less sensitive to the initial perturbation in the 'stagnation free'
implosion. The simulations also showed that the D-T fuel could be ignited at
a laser energy of more than 100 kJ at AL = 0.35 (im through 'stagnation free'
implosion. Figure 10 shows the results of a simulation of the laser energy
dependence of the ion temperature Tj and the areal mass density pR. The
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difference between the ion temperature with alpha heating and the ion temperature without alpha heating becomes significant when the laser energy is higher
than 30 kJ. where the fuel pR is 0.6 g/cm 2 . In the stage where E L = 30 kJ.
the neutron yield is about 10 15 , i.e. 3 kJ of energy yield, and the pellet gain is 0.1.
However, it should be noted that with this type of implosion scheme the
pellet gain required in a commercial power reactor (~ 100) is difficult to obtain
because the whole volume of the fuel is heated and such volume ignition prevents
high gain. The actual device is expected to overcome this difficulty.

5.

SUMMARY

Figure 11 presents data for direct drive and indirect drive implosion. We
note that the direct drive double-shell target filled with 110 atm D-D achieved
a high density compression (up to more than 10 g/cm 3 ). The neutron yield of
the direct drive implosion by shock wave multiplexing is very high, as shown by
the data for N y = ] 012—1013 in Fig. 11. The reason for this is that the coupling
efficiency between input laser energy and compressed fuel energy is excellent.
We derived a gain scaling on the basis of the shock multiplexing implosion
experiments. By using a one-dimensiona! simulation, the scaling law was
extrapolated to a case with a larger driver for the design of an ignition target.
When the blue 1 MJ laser is used, the pellet gain is expected to be 30.
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Abstract
DIRECT-DRIVE LASER FUSION IN THE UNITED STATES OF AMERICA.
Direct-drive experiments at the University of Rochester's Laboratory for Laser Energetics (LLE)
and the Naval Research Laboratory (NRL) address issues in pellet compression and heating: efficiency
of the coupling of laser energy to the target and the coupling of absorbed energy to the fuel, drive uniformity, hydrodynamic stability, preheat arising from laser plasma instabilities and x-rays, and target
diagnostics. The 24 beam, 2500 J, 351 nm OMEGA laser system at LLE has been used in an
experimental effort to achieve high compressed DT fuel densities. Detailed hydrodynamic computer
simulations at NRL predict that the growth rate of the ablative Rayleigh-Taylor instability is less than
the classical values. Recent Rayleigh-Taylor experiments at NRL test these predictions.

1.

UNIVERSITY OF ROCHESTER PROGRAM

1.1.

Introduction

Direct-drive laser fusion requires
incident laser light by the target, high
of energy coupling to the encapsulated
and uniform compression of the fuel

the efficient absorption of the
(>10%) hydrodynamic efficiency
DT fuel mass with low preheat,
to densities >2000 times liquid
47
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density.
The thermalized plasma corona must produce an ablation
pressure which drives the implosion with a uniformity of 1% or better
to achieve the compression and high spark plug temperatures (>4 keV)
necessary for ignition.
Symmetric uniform laser irradiation in the
range of 10 14 to 10 15 W/cm 2 using a laser wavelength of 530 nm or
less, in order to minimize suprathermal electron generation by
parametric plasma instabilities which can preheat the fuel and preclude
high gain (100-300), is required to achieve these parameters.
The OMEGA laser is presently in use in a series of experiments to
demonstrate the compression of thermonuclear fuel to 100-200 times
liquid density before 1989. The primary elements of the LLE directdrive program are:
(a) the definition and control of the laser
irradiation uniformity; (b) the development and implementation of an
array of high-density target diagnostic systems; (c) target design and
analysis of experiments using one-dimensional and two-dimensional
hydrodynamic simulation computer codes; and (d) the implementation
of a high quality liquid or solid DT fuel target system.
1.2. OMEGA Laser System
The OMEGA twenty-four beam Nd:phosphate glass (LHG-8) laser
employs rod amplifiers (up to 90 mm diameter). The low nonlinear
index of refraction, high gain, and low thermally induced distortion
provided by LHG-8 allows operation of OMEGA at peak power levels of
0.5 TW per beam (at 50 ps) and peak energy of 175 J/beam
(1054 nm at 1 ns) with a 28 min shot cycle.
The beam quality generated by OMEGA is limited by the number
and quality of optical components in each beamline, and results in a
beam approximately 10 times diffraction limited.
The frequency
tripled system employing the polarization mismatch scheme [1] with
an overall energy conversion efficiency of 80% from 1054 nm to
351 nm has been operated for over one thousand full system shots.
To achieve high density implosions from direct-drive laser fusion,
irradiance nonuniformities over the surface of the target must be
restricted to a few percent or less. Studies using two-dimensional
hydrodynamic simulation codes together with a three-dimensional
beam superposition code which calculates refraction and absorption of
the incident radiation in the plasma corona, with absorption
nonuniformities decomposed into a series of spherical harmonics, have
demonstrated the sensitivity of the hydrodynamic performance of
target designs to target irradiance and sources of nonuniformity: beam
to beam energy imbalance, beam mispointing, single beam intensity
fluctuations and the fixed, 24-beam (f/3.5) geometry. This sensitivity
analysis, together with an experimental characterization of these major
sources has shown that irregularities in each of the 24-beam profiles
are the dominant causes for irradiation nonuniformity.
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Beam calorimetry can now measure absolute individual beam
energies to 1%, and beam to beam energy imbalance is presently
5% RMS. Beam pointing accuracy is 10 urad. Present emphasis is on
improvement of the illumination uniformity by identification of those
factors which affect the intensity distribution in the UV target plane,
primarily the intensity and phase distribution of the beam incident on
the focussing optics. Measured beam profiles on OMEGA yield an RMS
nonuniformity, summed over all surface harmonic modes, of 15%.
The 15% nonuniformity on OMEGA should be reduced by more
than a factor of three in the future, due to improvements in optical
components and harmonic conversion crystals, decreased turbulence
levels in the beam propagation path with the installation of beam
corridors, and free propagation spatial filtering of the oscillator
output. [2]
Potentially, additional uniformity can be achieved on
OMEGA by using ISI (see Sec. 2 below). Design studies are in progress
to define the engineering problems associated with implementing ISI
on OMEGA.

1.3. High Density Diagnostics and Experimental

Analysis

To characterize the performance of high compression laser fusion
targets, a number of complementary diagnostic techniques must be
deployed. At LLE we are using knock-on DT ion spectrometry [3] and
nuclear activation [4] to measure the density-radius product of the fuel
(pR) and tamper (pAR); particle and x-ray imaging to characterize the
size and uniformity of the imploded core [5]; neutron and charged
particle spectroscopy to measure fuel temperature; time-resolved and
spatially-resolved x-ray emission and absorption measurements to
measure implosion velocity [6], energy transport [7] and shell pAR [8];
and a number of other diagnostic techniques to characterize the low
density coronal plasma [9].
Time-resolved and time-integrated spectroscopic measurements
of thermal transport in spherical geometry have been made using 6, 12,
and 24 beams of OMEGA for incident irradiances in the range of 1 to
4 x 10 1 4 W/cm 2 using Gaussian temporal pulses 600-750 ps FWHM.
Figure 1 summarizes the scaling of the measured mass ablation rate,
deduced using the methodology discussed in [7]. The 24-beam data
most closely matches theoretical predictions, confirming our previous
conclusion [7] that irradiation nonuniformities dominate the 6- and
12-beam data, for m as a function of absorbed irradiance for fluxinhibited transport with f=0.1. [10]
In 24-beam implosion experiments we have performed the first
simultaneous measurements of fuel and shell areal density [5]. The
results of some of these experiments, conducted on DT gas filled glass
shell targets [11] (in some cases overcoated with parylene) are
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FIG. I. Mass ablation rates obtained from charge collector traces and from time-integrated x-ray
emission spectra on OMEGA.

summarized in Table I. The primary objective of these experiments,
predicted to achieve compressed densities up to 150 times that of
liquid DT, was to activate and calibrate the various diagnostic systems
to be used in future OMEGA liquid or solid fuel experiments.

2.

NAVAL RESEARCH LABORATORY PROGRAM

2.1.

Introduction

The symmetry problem in "direct drive" laser fusion has now
been solved in principle with an optical technique that we call ISI, or
"induced spatial incoherence ". This technique can produce the extreme
laser smoothness that is required for direct drive laser fusion, and also
produce the overall required symmetry on the pellet during an
implosion [12]. We have invented variants of ISI that eliminate the
technological complexity of echelons [13]. We have also shown
experimentally that ISI has the side benefit of controlling most of the
deleterious laser-plasma instabilities [14]. Recently we extended these
experiments to study the Raman mode, and we found similar effects.
In order to obtain economic electrical energy with realistic laser
efficiencies, the energy gain of the pellet must be rather high — of order
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TABLE I. DATA FROM LLE EXPERIMENTS AND PREDICTIONS3
Neutron Yield
Shot No.

Meas.

Pred.

Density

(pAR)

(PR)
Meas.

Pred.

Meas.

Pred.

Pred.

20 ±10

8

27±19

33

24.4

0.6±0.06

3

1.1 ±0.1

3

1.0

—

4

17±7

11

9.2

2.1±0.3

3

—

3

0.8

244

—

3

2.1±0.1

4

1.3

11162

0.002

11200

2.70

6

11218

0.01

4

11233

11.30

233

11310

6.70

124

11311

13.20

416

—

3

1.5+0.1

4

1.3

11332

0.02

6

—

4

28 ±6

14

11.1

19±5

22

13.8

3

1.4

11333

0.02

10

—

6

13092

4.5

150

—

3

13096

0.02

83

—

16

9.6±4

77

36.9

16

2.2±0.5

54

36.2

13111

0.12

228

-

1 ±0.1

' Measured (Meas.) and Predicted (Pred.) neutron yield (1010 neutrons), areal densities (mg/cm2) and
densities (g/cm3).

150-300 for a laser efficiency of 5-7%. The only pellet designs that are
currently predicted to achieve this high gain are directly driven pellets,
using relatively thin shells with limited laser pulse shaping. At one
limit, one can use pellets with an initial aspect ratio R 0 /AR 0 of order
100 and a laser wavelength of about one micron [15]. At the other
limit, one can use a somewhat thicker shell with an initial aspect ratio
of about 10 and a laser wavelength of about 1/4 micron [16]. In both
limits the pellet shell is still thin enough such that it would not implode
properly if it were subject to the classical Rayleigh-Taylor fluid
instability at the pellet's ablation surface.

2.2. ISI Coupling

Experiments

We have now extended our previous laser-plasma coupling
experiments with ISI to include the potentially dangerous Raman
instability.
Using one- micron laser light (to maximize any Raman
effect), at intensities up to 2x10 14 W/cm 2 , we found that the ISI
inhibited the Raman backscatter.
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Computer

Simulations

Detailed computer simulations predict that the growth rate of the
Rayleigh-Taylor mode is well below the classical value [17]. In our
most recent computer simulations, the most dangerous of the short
wavelength perturbations has a growth rate about 60% of the classical
value for one-micron laser light, dropping to about 30% of the classical
value for quarter-micron laser light.
Quarter-micron laser light is
therefore doubly advantageous for the control of the Rayleigh-Taylor
instability: the growth rate is less, and the pellet shells can be thicker.
These hydrodynamic computer simulations use an FCT Eulerian
code, with a sliding zone, variable width mesh that has a quartermicron zone size at the ablation surface. Eulerian codes can follow the
Kelvin-Helmholtz roll-up of the spikes, and they can provide very fine
zoning at the ablation surface. In order to obtain well-defined growth
rates we also now utilize a new "quiet start" method. The 2D code is
run for several nanoseconds without any perturbation, until the initial
sound waves decay and the ablation profile reaches a nearly steadystate distribution.
A small 2D perturbation is then inserted at the
ablation surface. This technique avoids the mixing of Rayleigh-Taylor
phenomena and simple 2D sound waves bouncing off the density
perturbations.
Although these 2D computer simulations are believed to be
reliable, they necessarily leave out some of the physical phenomena.
Therefore, there is a need for experimental measurements of the
Rayleigh-Taylor growth rate with laser-driven ablation. The remainder
of this article describes our recent advances in Rayleigh-Taylor
experiments.
2.4. Rayleigh-Taylor

Experiments

There have been several attempts to measure the growth rate of
the Rayleigh-Taylor instability at the ablation surface, but progress has
been very limited. The two best experiments to date, we believe, have
been at Rutherford-Appleton Lab. and at the Naval Research Lab. [18].
Both used flat targets, not spheres, since spherical convergence effects
are not believed to be important in the early stages of growth of the
shorter wavelength perturbations.
The Rutherford-Appleton
experiment used face-on x-ray backlighting with a streak camera, to
measure the growth of A(pR). The measurements showed that the
growth rate was well below the classical value, but the signal-to-noise
ratio was small and the error bars large. The Naval Research Lab.
measurement used an internal x-ray face-on source without streaking
the x-rays. The signal-to-noise ratio was better, and the growth of A(pR)
was consistent with a rate below the classical value, but the time
evolution was not measured.
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TARGET MOTION

RAYLEIGH-TAYLOR
A{er) GROWTH

FIG. 2. Streaked x-ray radiographs of the motion (left) and of the areal-mass distribution (right) in an
accelerated, perturbed foil. The parameters for both shots were: target thickness 8.5 \im, perturbation
wavelength 100 nm, perturbation amplitude ± 1 pun, irradiance ~ 10u W/cm2. The time increase is
in the upward direction. The scales are approximate because the pincushion distortion in the streak
camera intensifier has not yet been removed in these photographs.

We have recently made several technical advances in our
measurement of the ablative Rayleigh-Taylor mode. We used ISI optics
in order to produce a smooth laser profile. The net uniformity of
acceleration was measured by the two-foil method and by shock
breakout.
We used a multinanosecond laser pulse and a smooth
nanosecond rise of the laser pulse, in order to prevent strong shock
heating or impulsive acceleration.
The rear side temperature was
measured to be less than 2 eV during the acceleration.
The
acceleration was measured directly with an x-ray sidelighting source
and an x-ray streak camera. This allowed us to directly determine the
"classical" growth rate. And finally, a separate x-ray source was used
with a separate x-ray streak camera to measure the growth of A(pR).
Although the long-term goal must be measurements with quartermicron laser light, it would be significant to check the computer
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simulations at any laser wavelength. To date, NRL Rayleigh-Taylor
experiments have been with one-micron laser light, since we have the
most laser energy at that wavelength. Initial grooving of the flat foil
target had 50, 100 and 150 micron wavelengths. The depth of the
grooves was typically one to two microns, and the initial thickness of
the CH foil was typically 8 to 15 microns. As of the date of this
manuscript we are still reducing the data. See Figure 2.
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Abstract
PROGRESS IN INERTIAL CONFINEMENT IN THE UNITED KINGDOM.
Eight experimental and theoretical projects are presented, covering important physics aspects of
inertial confinement. An experiment on energy transport employed green laser light on massive plastic
spheres with buried diagnostic substrates that emit X-rays at different temperatures. Consistent with
theory there was no evidence of a foot in the non-linear heat flow. Time and space resolved density
profiles were obtained from the Stark spectroscopy of aluminium tracer dots in plastic targets. When
tightly focussed laser beams are employed, megagauss magnetic fields are generated by VT x Vn
effects and measured by Faraday rotation. Theoretically, the convection and amplification of magnetic
fields by inward heat flow has been extended to non-linear transport by solving the Fokker-Planck equation. Implosion studies employing X-ray back-lighting and spectral emission techniques have shown the
influence of variation of the aspect ratio ro/Ar of polymer shell targets in the range 10—60 driven ablatively by twelve beams (0.53 /xm, 0.8 ns) at an absorbed irradiance of 1014 W -cm"2. Rayleigh-Taylor
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instabilities in accelerated plane foils have been studied by a novel technique of alpha particle transmission. Non-linear simulations of this instability in spherical geometry show the phenomenon of
coalescence of bubbles, while no Kelvin-Helmholtz mushrooming of the spike tips is observed. Finescale jets have been diagnosed by a Schlieren technique on spherical targets, showing that the jets occur
towards the end of the laser pulse. A non-local treatment of the heat flow driven collisional Weibel
instability has shown that inclusion of the Nernst convection of magnetic fields leads to stabilisation.

1.

INTRODUCTION

This paper describes experimental and theoretical physics
carried out by universities in the U.K., in collaboration with
the Central Laser Facility, Rutherford Appleton Laboratory, in
the field of inertia! confinement. Areas covered include
energy transport, magnetic field generation and convection,
implosions, and Rayleigh-Taylor and thermal instabilities.
2.

ENERGY TRANSPORT

Extensive experimental observations have been carried out
to investigate radial thermal transport in solid spherical
targets. An aluminium tracer layer (0.025 to O.lym thickness)
was sandwiched between 0.5 to 3ym layers of CH~ which were
deposited on the surface of a silicon sphere doped with
calcium.
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FIG. 1. Temporal emission intensities of Al Lya, Si Lya and 2Ca Hea. The time-scale is with respect
to the peak emissions from the Al Lya line.
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theoretical modelling for electron densities of 5 X JO21 cm'3 and 6 X 1021 cm'3, (b) Raw data,
including the time fiducial.

The 12-beam Vulcan laser was used to irradiate these 155ym
diameter targets with green light (X = 0.53um) at an irradiance
of 2.3 x 1014 w-cm-2 and 800 ps duration. An X-ray streak
camera recorded the temporal emissions of the Al, Si and Ca
lines, and results are shown in Figure 1. (An auxiliary laser
beam of 70 ps duration was used to produce an X-ray flash for a
time fiducial.) Because of the simultaneous turn-on of the Si
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and Ca X-ray emission, it can be concluded that the heat front
is steep and no 'foot', or precursor, in the electron energy
spectrum between 300 and 600 eV is present, which is consistent
with theoretical modelling [i].
Time resolved density profiles were obtained by means of
Stark spectroscopy. The prime diagnostic was a toroidally
focusing PET crystal mounted on to a X-ray streak camera.
Solid plastic spherical targets had Al tracer dots (75ym in
diameter and O.lutn in thickness) buried from 0.2 to 2ym below
a plastic layer. Under the same conditions of laser irradiation
the time resolved X-ray spectrum from helium-like y-transition
of aluminium was recorded. The measured Stark profile at the
peak of the pulse is shown in Figure 2. It was fitted to a
numerical profile [2]2 to give3 a value for electron density
between 5 and 6 x 10 l cm " . (The measured Stark width of
40 mA dominates instrumental source. Doppler and opacity
broadening of 2 mA'.) A simultaneous spatially resolved, time
integrated spectrum from the side showed that peak emission was
at 25pm outside the initial location of the target surface.

3.

MAGNETIC FIELDS

Simultaneous measurements of mass ablation rates, density
profiles and vT x vn generated magnetic fields were made on
spherical targets irradiated with 12 tightly focussed infra-red
(>, = 1.05ym) laser beams. Each beam had an irradiance of 3 x
10"15 W-cm"S focal spot size 40ym, energy 35J and duration 1.2ns.
For interferometry, a 3 wo (A = 0.35ym) probe beam and for
Faraday rotation a Raman-shifted second harmonic probe beam were
used in a multiframe mode and in conjunction with a time-resolved
X-ray spectrometer. Magnetic fields in the megagauss range have
been measured.
Such magnetic fields could be convected towards the ablation
surface through the Nernst effect [3]. By solving the FokkerPlanck and Maxwell equations in 1| dimensions it has been
shown [4]that this convection of magnetic field is strongly
coupled to the non-linear heat flux q . To a good approximation,
the convective velocity is qe/(j> P e ) where p is the electron
pressure. The Righi-Leduc heat flow is strongly reduced under
conditions of a depleted tail in the distribution function, as
occurs near the critical density. The transverse heat flow is
sensitive to the depletion because of the difference of two terms
which depend on high velocity moments.
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100 ps) and the r(l/2) simulation and experimental data point *.
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4.

INFLUENCE OF ASPECT RATIO ON IMPLODING TARGETS
Experiments have been carried out using both X-ray backlighting and spectral emission techniques to study the
influence of aspect ratio in the range ro/Ar = 10-60 on empty
CH polymer targets driven ablatively by 12 beams (x = 0.53ym,
duration 0.8ns) at absorbed irradiance levels of about 10^4 w
•cm"2. Quasi-point projection radiography with Bragg crystal
and multilayer X-ray mirror dispersers were used to record 2-D
spatially resolved shadows of imploding low aspect ratio CH
shells with frame times of order 100 ps. At early times the
radiograph with spectrally resolved Au back-lighting at about
2.5 keV showed well-behaved shell structure. Figure 3 is a
radiograph near peak compression,at which time (marked *) the
shell has collapsed to about 20% of its initial radius. The
conditions for a given shot are simulated by the 1-D hydro-code
Medusa, and density profiles at the time of the data record are
post-processed to find the radial distance r{l) Med to a chord
giving 50% transmission at the probe energy. In Fig 4, the
corresponding experimentally measured chord radius (r (|) exp) is
normalised to this and plotted against the ratio T(probe)/T(imp),
where T(probe) is the experimental delay time of the X-ray probe
from the start of the drive pulse and T(imp) is the Medusa
simulation time for peak compression. Perfect agreement with
simulation would place all data points along the horizontal
dotted line. The discrepancies can be explained in terms of
a random fluctuation in implosion time of the order of ±200 ps
compared to simulation, due to lack of beam balance, beam
pointing and other shot-to-shot variations. All these targets
had aspect ratios ro/Ar in the range 7 to 12, and from Abel
inversions of opacity profiles gave peak densities of the order
of 10 g-cm-3.
Since the low-aspect-ratio targets seemed prone to shot-toshot fluctuations, it was of interest to see whether this sensitivity became catastrophic at higher aspect ratios. 3 A crude
self-regulating hydrodynamic model suggests that if ro Ar is
kept constant, then targets of any aspect ratio ro/Ar will
implode in approximately the same time for fixed absorbed laser
energy and pulse length. In the experiment, the aspect ratio
was accordingly varied from 10 to 60» and Medusa simulations
indeed showed a weak variation of the implosion time for fixed
ro^Ar. Two time resolving crystal spectrometers measured the
carbon continuum emission from the cores at 0.6 and 2 keV.
Figure 5 shows the measured implosion times with respect to the
laser pulse peak, with shots normalised to an absorbed energy
of 80J. However, throughout the range of ro/Ar the discrepancies remain of the order of 200 ps. It can be concluded that
higher aspect ratio targets behave in this respect just as well
as low aspect ratio targets.
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RAYLEIGH-TAYLOR EXPERIMENTS

A novel technique for investigating the non-linear development of Rayleigh-Taylor instabilities is reported. A planar
foil is accelerated by irradiating from one side with two laser
beams, and it is backlit by thermonuclear alpha particles from
an adjacent implosion of a deuterium-tritium filled microballoon,
timed in a controlled way with respect to the acceleration of
the foil. After transmission through the foil, the alpha
particles are recorded in CR-39 plastic. The thickness distribution across the foil can be directly determined from the energy
spectrum of the alpha particles found from a high resolution
measurement of the etched tracks. Multiple Coulomb scattering
in the foil limits the spatial mapping capability of this
technique to about 40ym.
Experiments have been conducted either with corrugated plane
targets (corrugation length of 10 to 40pm) or with spatially modulated laser beams (modulation length 20 to 60ym at the foil).
The alpha particle source was a lOOym diameter DT filled glass
microballoon with wall thickness lym irradiated by six laser beams
of lOOps duration. Irradiation by another two longer pulse beams
(Ins) caused a foil to be accelerated towards the exploding
pusher, initially 1mm away. The relative timing of the pulse
of alpha particles and the start of the acceleration of the
foil was varied by up to 600ps 5 so that different stages of
growth of the instability in the foil could be investigated.
Figure 6 shows the thickness distribution of an Al foil
irradiated with 1.05ym light at an intensity of 1014 W-cnr 2 ,
with the timing set so that the alpha particles passed through
the foil l-9ns after the start of the accelerating pulse. The
foil was corrugated on a transverse scale of 10pm to act as an
initial source of perturbation. The presence of some tracks
having essentially no energy loss suggests that the foil has
burnt through in places.
6.

RAYLEIGH-TAYLOR SIMULATIONS

2-D computer simulations of the Rayleigh-Taylor instability
of the outer surface of a spherical CH~ shell target have been
carried out using the code POLLUX [5]. This used a two-temperature model with flux-limited electron thermal conduction (f =
0.06), while the laser energy was absorbed by inverse bremsstrahlung, with a dump of 20% of the energy reaching critical
to simulate anomalous processes. Figure 7 shows density contour
plots for a shell of initial radius 150ym, aspect ratio 30,
irradiated by 0.53ym laser light with an intensity of 4 x 10'^
W-cm~2. A sinusoidal perturbation of initial amplitude 0.2ym
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FIG. 7. The non-linear growth of Rayleigh-Taylor instabilities are shown in density contour plots at
0.5, 0.75, 1.0 and 1.2 ns, where the shaded regions correspond to p > 1.2 g-cm'3 (solid density).

and wavelength 15ym was applied to the outer interface. While
the spikes tend to grow according to a gt^ law (g being
acceleration) the bubble head shows a period of constant ?
velocity followed by an amplitude that also varies as ngt .
An extensive series of simulations has shown thatr\ lies between
0.05 and 0.15 and that a linear growth occurs only if the
initial perturbation amplitude is less than 0.04 times the
wavelength. The lifetime of the shell is determined by this
rate of penetration of the bubbles. Competition can occur
between bubbles and can result in merging. As shown in
Fig.7, no Kelvin-Helmholtz mushrooming of the spikes due to
vorticity effects is evident.
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FIG. 8. Two sequences ofSchlieren photographs of gold-coated microballoons, illustrating the growth
ofjei-like structures.
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THERMAL INSTABILITIES

Spherical gold-coated targets were irradiated with 270 J
from 12 infra-red (A = 1.05pm) laser beams with a pulse
duration of 1.8 ns and D/R = 10, where D is the distance from
the target centre to the focus of each lens. Fine-scale jetlike structures develop and their temporal evolution was
recorded with a four-frame optical probing system with exposure
times of 15 ps. Two sequences of Schlieren images are shown
in Fig.8. It is interesting, but not yet explained, that the
jets begin to grow near the end of and after the laser pulse.

8.

COLLISIONAL WEIBEL INSTABILITY

A non-local theoretical analysis of the collisional
Weibel instability has been carried out for a laser-ablated
plasma in planar geometry. Earlier work [6]had shown, in a
local analysis using a distribution function derived from a
time-evolving solution of the Fokker-Planck equation, that the
collisional Weibel instability
driven by heat flow had a
growth rate typically of 1 0 1 0 s-1 and a wavelength of 20 pm
(similar to the observed'thermal instabilities' discussed above)
The present analysis employed a simpler distribution function
derived from linear heat flow, but in a non-local analysis
which included longitudinal magnetic diffusion, electron
viscosity and magnetic convection effects £3]. The exponential
time dependence of the linear Weibel eigenmodes was obtained
by numerically solving the electron Fokker-Planck and
Maxwell equations in the inhomogeneous direction with a
harmonic perturbation in the transverse direction. The main
result was that the collisional Weibel mode was stabilised by
the Nernst convection of magnetic field to the cold, dense
inner region where the perturbation was damped.
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DISCUSSION
R.L. McCRORY: In the high aspect ratio shell experiments performed at the
Rutherford Appleton Laboratory, is it possible that radiative preheat decreases the inflight aspect ratio of the target as the initial aspect ratio increases so that the agreement with the one-dimensional MEDUSA simulations is not unexpected but does not
tell us about ablative dynamics of high aspect ratio shells?
M.G. HAINES: Radiative preheat calculations have been carried out for low
aspect ratio CH shells with a wall thickness of > 5 /xm. Here the radiative preheat
was negligible. For the shell with the thinnest wall (about 2.2 fim) used in the experiments it is possible that radiative preheat was not negligible, but this would be offset
by the lower irradiance used in the r'Ar scaling employed.
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Abstract
INERTIAL CONFINEMENT FUSION PROGRAM AT LOS ALAMOS NATIONAL
LABORATORY.
Los Alamos National Laboratory has completed a thorough evaluation of the CO2 laser as a
driver for inertial confinement fusion (ICF) and concludes that in the case of a large driver the cost of
this laser is too high to be attractive. Recent studies, at Los Alamos and elsewhere, show that 0.25 /*m
is near the optimum coupling wavelength, and Los Alamos is involved in experimental and theoretical
studies of laser-matter interaction near that wavelength. Since KrF lases at 0.25 ftm and has the
potential for 10% wall plug efficiency and relatively low capital cost, Los Alamos investigates the
feasibility of the KrF laser as a future ICF driver.

1.

INTRODUCTION

The ICF program at Los Alamos is designed to determine
the feasibility of achieving fusion in the laboratory and is
composed of four major components: (£) driver-matter interaction, (it) materials technology, (Hi-) development of
improved drivers and (iv) the Centurion program.
The Centurion program at Los Alamos is a "classified
theoretical and experimental effort to investigate the design
characteristics of efficient ICF targets" and, as was recently noted by the US-NAS [1], the Centurion (Los Alamos)/
Halite (Livermore) programs have been "quite successful so
far ". The Centurion program will not be discussed further
here.

2.

DRIVER-MATTER INTERACTION
A.

.C02_

The main thrust of fusion laser development at Los
Alamos has, until recently, been directed toward C 0 2 laser
systems at a wavelength of 10.6 jum. The goal of Antares was
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FIG. 1. Comparison of required and predicted ICF target gains,
for an assumed reactor condition of r\G - 10.
The theoretical curves are based on results ofJ.D. Lindl and J. W. K. Mark
(Laser Part. Beams 3 (1985) 37).
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FIG. 2. Hot-electron temperature (inferred from hard x-ray bremsstrahlung) versus time. The insert
shows a typical Antares pulse shape, stretched to 5.5 ns FWHM for this experiment. The hot-electron
temperature declines somewhat at later times, though not enough to modify the unfavorable targetcoupling characteristics of CO2 laser radiation.

to complete evaluation of the C0 2 laser as a laser fusion
driver by extension of the Helios data to higher energy
(-40 kJ) and longer pulse lengths (1-5 ns).
The most important factor in C0 2 laser-plasma coupling
is the collisionless nature of the target corona for this
long wavelength. This results in the dominance of collective absorption and scattering mechanisms, limiting the
achievable laser absorption efficiency and producing highly
energetic "suprathermal" electron distributions [2-4]. These
energetic electrons tend to couple their energy into a small
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number of high-energy ions, which are an inefficient source
for the required implosion driving pressure.
The dominance of suprathermal processes led to the need
for innovative approaches to C0 2 fusion target design in order to effectively use the hot electron energy. We separated
the problem into studies of: (1) fuel capsule performance
under idealized drive conditions, and (2) laser-target coupling efficiency. Capsule design calculations defined the
capsule gain for a given amount of energy absorbed into the
target ablator. Based on the capsule gain predictions and
the assumed driver electrical efficiency r\, we determined the
target coupling efficiency X required for fusion
applications. For drivers with r) < 10%, X > 0.25 is required
to achieve adequate overall target gain (thermonuclear
output/driver input). For reasons of cost and containment,
adequate gain should be available using driver energies less
than - 10 MJ. Figure 1 shows the required and predicted target gains for various driver energies and X-.factors.
The Los Alamos C0 2 evaluation effort has determined the
X-factors achievable from a variety of C0 2 target designs at
reactor scale, including both directly- and indirectly-driven
concepts, but we have been unable to find C0 2 target concepts
which will achieve adequate overall coupling efficiency.
Recent Antares data (Figure 2) indicate that some significant
mitigation of hot-electron production was possible at more
reactor-like pulselengths [5]), but this improvement appears
to be inadequate to make X for C0 2 competitive with shortwavelength lasers. However, a comparable analysis of short
wavelength (KrF) lasers indicates good potential (Figure 1 ) .

B.

Short Wavelength Theory and Experiments

Los Alamos has increasingly shifted its emphasis to ICF
driven by Short-Wavelength Lasers (SWL), particularly KrF,
and continued design and theory work for light- and heavy-ion
drivers. The favorable coupling characteristics of SWL light
had been generally established [6] and the Los Alamos shortwavelength effort now includes work in laser-plasma coupling
theory, target design, and the design, execution, and
analysis of SWL interaction experiments.
Hot-electron production is still of some concern, though
no longer dominant, for SWL-driven reactor targets since some
important high-gain designs have fairly low preheat
tolerances. Instead of the steep, collisionless plasmas of
the C0 2 target corona, with its associated nonlinear collective instabilities, coupling theory for KrF light must deal
with collisionally-dominated plasmas in which the plasma
instabilities are weakly driven (near threshold), and the
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growth occurs in relatively homogeneous regions extending
over thousands of laser wavelengths. Simulations of such
SWL-produced plasmas at Los Alamos have indicated two classes
of plasma processes which might lead to low-level production
of suprathermal electrons in ICF reactor targets: (1) turbulence and the coupling of low- and high-frequency instabilities and (2) laser light thermal self-focusing. Work continues to determine the impact of such processes on ICF
target designs.
Conservative designs using low-aspect-ratio shells
similar to those advanced by Llvermore [7] have been tailored
to KrF applications at gains of 100-200 with input energies
of 2-5 MJ. We are also exploring advanced designs which
could offer substantial increases in target gain.
Los Alamos has been increasingly involved in the design,
fielding, and analysis of SWL Laser-Matter Interaction
experiments. Several other ICF laboratories have supported
our collaborative involvement, and we have been able to contribute to experiments studying laser-plasma coupling and xray conversion scaling to 0.26 /im wavelength (Lawrence
Livermore National Laboratory), high-Z plasma dynamics
(University of Rochester/Laboratory for Laser Energetics
[LLE]), and electron thermal transport and ablation (with
Rutherford-Appleton Laboratory).
The Los Alamos/LLE High-Z Plasma Dynamics Experiment [8]
at 0.35 fim wavelength explored the mechanisms governing the
conversion of laser light to x-rays, especially reexamining a
low-intensity discrepancy noted in the analysis of gold disk
experiments at Livermore [6]. Targets were solid CH spheres
with gold coatings of various thicknesses to probe the energy
transport, hydrodynamics, and x-ray emission of high-Z
plasmas. The measurements were performed using six and 24
beams of the OMEGA spherical irradiation facility, and showed
unexpected scaling differences between the two irradiation
sets, Fig. 3a. We also determined the x-ray emission as a
function of gold coating thickness, Fig. 3b, and observed the
signatures of laser burn-through, verifying the LASNEX
predictions for energy-penetration and x-ray-emission depths.
To take advantage of the unique opportunity provided by
the AURORA proof-of-principle KrF laser, we are designing
experiments at 5 kJ, 5 ns, to begin in late 1987. We will
study laser-target coupling effects dependent upon special
properties of the KrF laser system: beam quality, bandwidth,
and Induced Spatial Incoherence [9]. Reactor-like plasmas
extending over thousands of wavelengths can be produced by
exploding thin foils, Fig. 4. Other areas to be emphasized
include x-ray conversion processes, hohlraum scaling and
physics, and planar-foil studies of fluid instabilities.
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MATERIALS TECHNOLOGY

Fusion targets, whether for use with laser or particle
beam drivers, consist of a series of concentric spherical
shells (pusher and ablator shells). The targets are small,
less than a millimeter in diameter, and each shell must possess specific properties, ranging from strength at low
densities to high atomic number and density for improved
compression. Considerable success has been achieved in target fabrication, developing new technologies, new materials,
and new tools. Metal pushers can be deposited on nonconducting substrates by autocatalysis or "electroless" plating.
Some advanced designs use plastic or glass foam ablators
saturated with liquid DT. We have prepared small-cell, lowdensity, rigid foams from such polymers as polystyrene,
poly(4-methyl-l-penetene), tradenamed TPX, and substituted
celluloses and starches. In some cases, specially developed
micromachining techniques can be used to improve the dimensional properties of the foam material.
The multifaceted task of target fabrication has led to
materials and technologies of interest and benefit to other
research and development programs at Los Alamos. Some examples are
• The polymeric foams (25 /jm cells) which are of benefit
to biomedical research.
• Miniature coaxial cables (0.1 mm dia.) fabricated in
support of ICF experiments which may simplify surgical
removal of brain tumors.
• High-strength single-crystal whiskers, which were
fabricated and studied for possible use as support
structures in laser fusion targets, are now a key component in the Los Alamos structural ceramics program.

4.

DEVELOPMENT OF IMPROVED DRIVERS

Because KrF lases at 0.25 p,m (nearly the optimum coupling wavelength), and has the potential for 10 per cent wall
plug efficiency and low capital cost, Los Alamos is investigating the feasibility of the KrF laser as a future ICF
driver. At present, Los Alamos is constructing a prototype
KrF laser system called AURORA [10], which is a short-pulse
high-power krypton-fluoride laser system that serves as an
end-to-end technology demonstration of the applicability of
large-scale ultraviolet (uv) laser systems to ICF
applications. AURORA is designed to employ optical angular
multiplexing and serial amplification by electron-beam-driven
KrF laser amplifiers to deliver 5-ns duration multi-kilojoule
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FIG. 5. Conceptual layout of the AURORA laser system, showing the main optical and laser elements
from the front-end to the final amplifier output. Stage gains, number of beams and energy per beam are
indicated at various points along the beam path. A final optimized design output of 10-20 kJ in a 480 ns
pulse composed of a 96 element train of S ns pulses is expected at the output of the final Large Aperture
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FIG. 6. An artist's conception of the completed A URORA system, with the 48 beam decoder and target
building in place. As configured, the system will deliver multi-kilojoule 5 ns laser pulses to fusion
targets. The decoder and target chamber are currently in fabrication.
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laser pulses to ICF targets. Figure 5 shows a conceptual
layout of the multiplexed AURORA laser chain and illustrates
all of the main optical and laser elements from the front-end
to the final amplifier output.
The main amplification chain for AURORA consists of four
electron beam-driven KrF laser amplifier ranging in aperture
size from 10 cm x 1 cm to 100 cm x 100 cm. These devices are
specified as the Small Aperture Module (SAM), the
Preamplifier (PA), the Intermediate Amplifier (IA), and the
Large Aperture Module (LAM).
The AURORA design replicates the front-end output pulse
using aperture slicers, beamsplitters, and mirrors to produce
a 480-ns long pulse train consisting of 96 beams each of 5 ns
duration. These encoded pulses, which are spatiallyseparated, are then separately aligned at the entrance pupil
of an optical relay system. The beam train is then relayed
through two single-pass laser amplifiers (the PA and IA), and
a double-pass laser amplifier (the LAM). Beam train alignment is accomplished with two automated alignment systems
[11]; one system points each of the 96 beams through the
Preamplifier entrance pupil and the second maintains alignment of the LAM primary mirror.
The AURORA project is divided into two phases: (1)
operate the laser system to produce an optically-encoded
energy output of 10 kJ in a 480 ns pulse at the final
amplifier, and (2) decode 48 of the 96 beams and deliver
multi-kilojoule 5 ns pulses to fusion targets. When both
goals have been reached, AURORA will have demonstrated the
system technology and enable critical tests of KrF-related
target physics issues. Figure 6 shows an artist's conception
of the entire AURORA system as it will appear with the 48beam demultiplexer and target area in place.
Integration of the entire amplifier chain is due to take
place late in 1986 and the decoder and target subsystems
scheduled to be completed in 1987. In addition to AURORA,
Los Alamos is addressing the technology issues which affect
the system cost and wall-plug efficiency of large-scale
(megajoule) KrF laser fusion systems. Together with the
results from AURORA, this should enable an assessment of the
KrF technology as a candidate fusion driver in the approximate 1991 time frame.
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DISCUSSION
H. HORA: You mentioned that your KrF laser would use multiplexing irradiation. Does this mean that you plan to use Yamanaka volume compression and volume
ignition1 rather than central spark ignition of pellets?
L.A. ROSOCHA: No, we are interested in spark ignition, too, but AURORA
will mainly concern planar target irradiation, with 48 beams, and hohlraum scaling.

HORA, H., RAY, P.S., Z. Naturforsch., A 33 (1978) 890.
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Abstract
EXPERIMENTAL STUDIES ON INERTIAL FUSION AT 0.26 fim LASER WAVELENGTH.
Data are presented on the experimental analysis, at 0.26 ^ m , of the behaviour of Raman
instability in a homogeneous plasma, on the generation of high ablation pressures (50 Mbar),
and on the multiplication by impedance mismatch and foil collision, up to 400 Mbar, as well
as some preliminary results on the implosion of D-T targets, yielding 1.5 X 10 8 neutrons, and
the behaviour of implosion with target parameters.

Groups participating in the scientific programme of GRECO Interaction Laser-Matiere,
of the Centre National de la Recherche Scientifique.
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Short wavelength lasers (SWL) have been demonstrated to be essential for direct
drive laser inertial fusion. Experiments have evidenced [ 1 ] efficient coliisional absorption, reduction of fast electron generation by resonance absorption and the
capability of generating high ablation pressures when short wavelength lasers are
used. However, there are still fundamental problems to be analysed so as to provide a good understanding of the interaction, transport and hydrodynamic physics
necessary to achieve good compression.
First of all, the advent of large lasers gives rise to new situations where interaction takes place with large scalelength plasmas and processes such as parametric
instability find favourable circumstances for their growth. Secondly, energy transport by electron conduction has been observed to be inhibited for al! wavelengths,
and a description of this problem is necessary for a good numerical modelling of
the experiments. Third, high pressures are needed to bring about efficient compressions. They can be generated by ablation and amplified by techniques as
shock impedance mismatch and foil collisions. However, two-dimensional effects
or radiation preheat can introduce significant perturbation in the behaviour of
hydrodynamics. Finally, the drive of efficient ablation compression has to be
studied by experiments in order to analyse the behaviour of hydrodynamic motion
and the instability associated with non-uniform illumination. In this paper, we shall
describe some work done in our group on these topics.

1.

EXPERIMENTAL FACILITIES

The laser is a neodymium phosphate glass system, the final amplifying heads
being 90 mm glass rods. The laser is structured as a two-beam system used for oneor two-beam plane target experiments and followed by a six-beam amplifier for
spherical target illumination. Each beam can deliver, in short pulses, a peak power
of 250 GW and, in long pulses, i.e. of 600 ps and above, an energy of 120 J. The
peak power of the six-beam system is 1.5 TW with an energy of 700 J in 600 ps.
In all the experiments the beam frequency is converted by KDP crystals. The conversion cells are located just before the entrance window of the experimental
chamber: they allow frequency doubling with 65% efficiency and frequency
quadrupling with 45% efficiency under the best conditions. However, damage
problem introduce some limiting operating conditions, and in the six beam experiments the best output has been 500 J in a 600 ps pulse at 1.06 /im, and 200 J in
a 500 ps pulse at 0.26 fjm. Moreover, uncoated optics for 0.26 jum reduce the
energy on targets by nearly 30%. Nevertheless, focusing on targets with fast UV
optics gives, on a plane target, an intensity in the range of 2 X 1015 W-citf2, and,
on a spherical target, an intensity of 5 X 1014 W-cm"2 at 0.26 pm wavelength.
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FIG. 1. Typical time resolved spectra of Raman scattered light in (a) forward and (b) backward
direction. Incident energies: fa) 26 J, (b) 13 J.

2.

INTERACTION STUDIES

Studies on laser-plasma interaction physics are related to parametric instabilities in homogeneous plasmas. This is the corresponding situation for large size
targets. As to short wavelength lasers, it appears, at present, that Brillouin backscattering [2] does not have a high conversion efficiency even, for plasma density
scalelengths of the order of several hundred times the laser wavelength. Plasma
collisionality and Landau damping of ion waves are to be invoked to explain
instability saturation at a level of < 1 % for intensities of 2 X 1015 W-crrf2 at 0.26 jum
wavelength. The Raman scattering instability [3] causes, however, some concern because
it is related to very energetic electron generation, leading to possible target preheat. To investigate SRS, long scalelength plasmas have been generated by irradiating thin plastic foils at 0.26 jum with intensities of up to 2 X 1015 W-cm"2. The
fact that the foils become underdense during the laser pulse generates plasmas with
parabolic density profiles, with density scalelengths of several hundreds of wavelengths. Time resolved Raman spectra were observed, as is shown in Fig. 1, both
for backward and forward Raman instabilities. The parameterization of the experimental conditions, i.e. foil thickness and, consequently, plasma density scalelength
and temperature, lead us to conclude that the threshold conditions for SRS are
reached only in a narrow region, near the top of the parabolic density profile when
the foil is exploded before the maximum intensity of the laser pulse. This is confirmed by very narrow spectral broadening of Raman scattered (ACJ/CO < 0.05)
light. SRS occurs for electron densities of 0.07 to 0.15 of the critical density.
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FIG. 2. Energy distribution of hot electrons.

The temporal behaviour of Raman spectra shifting towards wavelengths with time
is explained by the time decrease in the electron density for the unstable region due
to plasma expansion. The conversion efficiency of SRS has been measured at a
level of 10~8 at 0.26 jum, and at a significantly lower level (by ten times) the
conversion efficiency was measured for comparable experiments at 0.53 jxm. It
appears that the behaviour of Raman instability, conversion level and laser wavelength dependence can be explained by the plasma collisionality which introduces a
damping of the electromagnetic waves and of the electron plasma wave by electronion collisions. The dependence of the Raman level on the incident laser energy
shows a very fast growth around 2 X 1O1S W-cirf2, which is in agreement with the
threshold computed for a parabolic density profile. Fast electrons correlated with
SRS at 0.26 fim have been detected. Their energy distribution (Fig. 2) corresponds
to a hot temperature of 20 ± 2 keV, and the total number of electrons is between
5 X 107 and 5 X 108 sr"1, which is again ten times lower than that for the experiment at 0.53 fim.

3.

ELECTRON HEAT TRANSPORT

Electron heat conduction has been analysed [4] by delocalized heat transport
theory, which is an extension of the linear Spitzer-Harm laser theory, when the
temperature gradient becomes comparable to or smaller than the mean free path of
these electrons, which carry the heat flux. An expression of the heat flux has been
derived:
q ( x ) = / dx'q S H (x')w(x, x')
A)
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FIG. 3. Non-local propagator for heat flux due to steep temperature profile w is normalized
such that w(0j = 0 and £ is normalized distance from source point. Curve includes effect of nonlinear electric field, ensuring zero current condition.

where qsn( x ') is the linear Spitzer-Harm heat flux and w(x, x'.) is a delocalization
propagator. This first proposed expression for w was:
= [l/2A d (x')]exp[-|s|/A d (x')]
where

dx"n(x")

and
Xd = 31 (Z + 1 ) 1 / 2 [T2/47rne(Z + 1) e4 lnA]
More elaborate forms of w were proposed since, based on a detailed analytic justification of such a delocalization formula. A more satisfactory propagator [5] is
given in Fig. 3, where £ = 5.5 s/Xd is a normalized space co-ordinate. In particular,
it includes the effect of the non-linear electric field, ensuring the zero current condition. Introduction of this transport theory into numerical simulation yields, as
a first order description, equivalance with a flux inhibition factor of 0.1 plus some
additional transport term associated to the fastest electrons. Experiments at
0.26 (im based on ablation measurements in spherical geometry [6] or spectroscopic
determination [7] of temperature and density profiles gave reasonably good agreement with this description of transport.
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3.

HIGH PRESSURE GENERATION

The goal of this experimental work is to prove the feasibility of very high
pressure by the laser ablation technique [8 , 9]. Experiments were conducted on
plane targets irradiated at 0.26 nm. The pressure is determined by measuring
the shock velocity through a foil, by the usual step technique. Photographing,
with a fast streak camera, the emergence of the shock on either side of the step
we find the shock velocity if we know the step thickness. An improvement of this
technique has been achieved by using, instead of a step, a groove inside a foil which
results in higher precision in the time interval determination and reduces the edge
effects in the shock propagation in the material. Figure 4 shows the results obtained
for ablation pressure and a comparison with the theoretical scaling law, Pab[ °c I 3/4 .
Pressures in excess of 50 Mbar were reached. Some discrepancy exists between the
experimental and the theoretical scaling law. This has been explained by the effect
of some lateral conduction. In fact, the intensity on the target is plotted by taking
the focal spot area in vacuum. However, when the correction was made by taking,
as the focal spot size, the extended region where the shock is observed, much better
agreement was reached. For the purpose of implosion and also of fundamental
studies of the equations of state, higher pressures are needed. Two multiplication
techniques were analysed. First, shock impedance mismatch was obtained when a
shock is driven by ablation pressure on a material such as aluminium or plastic and transmitted through a heavier material such as gold in intimate contact with the light material.
The results of such experiments are as shown in Fig. 5 for an experiment on the Al-Au
sandwich. Starting from a 45 Mbar pressure in Al, a pressure of 100 Mbar was
measured in gold. More recent experiments of this type have shown that in this
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pressure range very good agreement was obtained when comparing the intersection of
of the symmetrical of the shock polar curve of Al and the p 0 D slope line, where D is the
shock velocity in gold, with the shock polar curve for gold obtained from Sesame
data.
The third high pressure generation technique of interest for laser compression
is the foil collision technique. A foil accelerated by ablation pressure collides with
a second foil, where a strong shock is induced. To prevent radiation preheat, the
accelerated foil was made of plastic. The main parameter in the experiment was
the initial distance between the two foils. The collided foil was made of molybdenum, to combine the impedance mismatch effects. The results are plotted in
Fig. 6, with a comparison with ID or 2D numerical simulation. At is the transit
time of the shock through a groove of 9 ixm depth at the rear of a 1 5 jum Mo foil.
For small distances the shock velocity increases, as a result of a longer acceleration
time and higher velocity of the colliding foil. Beyond some separation distance,
the shock velocity is reduced. This is explained by a two-dimensional effect.
Indeed, if the foil velocity is still increasing, simultaneously the radial matter flow
and the areal mass of the accelerated foil are reduced. Then, if a very high pressure
is obtained at the collision time, the shock is not maintained and is damped significantly when propagating through the modybdenum foil. The pressure measured
after propagation in the Mo foil is, consequently, much lower than the shock
pressure at the first instant of collision. A comparison with the simulation shows
that the initial pressure has been of 400 Mbar, in order to induce the measured
shock velocity.

FIG. 7. Pinhole photograph of 150 jim diameter microballoon, D-T filled, imploded at
0.26 urn laser wavelength.
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IMPLOSION EXPERIMENTS AT 0.26 urn

We have proceeded to a series of preliminary implosion experiments of D-T
filled glass microballoons with the energy on target in the range of 80 to 120 J in
a light pulse of 500 ps duration at 0.26 jum laser wavelength. Targets were as follows:
diameter between 90 //m to 250 /xm, wall thickness between 0.8 and 3.5 jzm, and
fill pressure of 10, 20 and 40 atm of equimolar D-T mixture.
To obtain good symmetry, the focal spot was localized at a distance D from the
target centre beyond the target wall with D/R > 2. For these conditions the
implosion symmetry was correct at first sight, as is shown in Fig. 7 by the pinhole
photograph. However, these conditions did not correspond to the maximum of
neutron emission which was obtained when D was nearly <1 , enhancing the effect
of the initial shock wave which seems to be the major reason for neutron emission.
The diagnostics on these experiments were neutron measurement, measurement
and spectroscopy of a-particles and protons with CR 39 foil technique and X-ray
photographs.
The highest level of neutron emission was obtained for targets having the
following parameters:

N
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(Mm)

P
(atm)

D/R

170

1.3

40

1.6

112
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163
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20

1

110
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Gum)

E

y

(J)

These levels are, however, much below — by two orders of magnitude the numerical prediction of the ID Lagrangian FILM code. Owing to the strong
dependence of the fusion reaction on the ion temperature, this is, however, a
moderate discrepancy and can be explained by the end of the implosion process
before the stagnation point, because of the macroscopic non-uniformity of the
implosion associated with the initial non-uniformity of the illumination. The
reaction rate has also been analysed as a function of the target parameters. The
experiments show that neutron emission increases with the target diameter. This
is explained by the fact that the implosion time depends on the target size; for
small targets, the end of the implosion may occur before the maximum of the
laser pulse, resulting in a less efficient coupling of laser energy to the target.
The second set of shots was made by varying only the wall thickness of the
target. For full stable ablation, numerical simulation of the implosion would predict a slight increase in neutron emission with the wall thickness in the range of
the parameter of these targets. The experiment shows a significant decrease in
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neutron yield for increasing wall thickness. This discrepancy leads us to the conclusion that the implosion does stop before stagnation and, indeed, when one
examines the neutron emission as a function of wall thickness at an earlier stage
of the implosion, for example at the first shock convergence and also at the first
shock reflection from the imploding wall, then the neutron emission decreases
when the wall thickness increases.
The technique of track analysis on CR 39 foils has been used for a-particle
and proton spectroscopy. Spectra are shown in Figs 8 and 9. The position of
the peak of distribution gives the energy shift due to the particle slowing down
when crossing the shell and then thepARof the shell. The broadening of the distribution yields the ion temperature. In Fig. 10, the value of pAR is plotted as a function
of initial target wall thickness. Comparison was made with the numerical simulation at the time when numerical and experimental neutron emissions were in
agreement. In general, the experimental pAR were larger than the numerical ones,
this discrepancy decreasing for larger wall thickness. These results seem to show
that the implosion is proceeding beyond the first shock convergence time when
experimental neutron emission will more or less agree with the numerical simulation but imply, then, that the fuel temperature is lower than the code prediction,
because of a possible mix between the inner side of the wall and the fuel, resulting
in cooling of the D-T mixture. Better agreement for thicker wall targets implies
a better stability of the inner wall and confirms, however, that implosion must stop
between the first shock convergence and the shock reflection on the inner wall.
The ion temperature determination is shown in Fig. 11, where Tj is plotted versus
the neutron or a-particle yield. One can see here two groups of experiments: the
first one with NaTf, where 3.5 < a < 5. These data agree with the dependence of the
D-T reaction cross-section on the temperature which scales as T? around T; = 2 keV.
The second set of data in the figure can be explained by broadening of distribution
due to shell inhomogeneities.
From the previous results and their comparison with numerical data, the
following picture of the process can be drawn: the implosion is relatively stable until
the time corresponding to the reflexion of the shock wave on the imploding wall;
at this time, the magnitude of neutron emission and its dependence on shell thickness as obtained by experiment and numerical simulation are in qualitative agreement. However, the inner face of the shell goes unstable, involving some mix with
D-T and cooling of the fuel. After this time, the implosion ends because of the
shell instability associated to slowing down before stagnation, resuling in a breaking
of the shell and, finally in the strong bright central spot emission as observed on
the pinhole photographs. The envelope of this region, whose radius is nearly r o /8,
corresponds to the values for the radius of the wall-fuel interface at this time, which
is r o /7 by numerical simulation. Neutron emission has been obtained at the time
confirmed by the experimental values of pAR.
In conclusion, we may state that this series of experiments at 0.26 pm has
shown that, as far as interaction physics is concerned, SWL implies strong plasma
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collisionality which not only enhances absorption, but also reduces the conversion
efficiency of parametric instabilities and, consequently, reduces the emission of
fast electron associated with Raman scattering. Very high ablation pressure can
be generated which should be of the order of 100 Mbar at 1015 W-ctrf2 in spherical
geometry. These pressures can be enhanced by convergence effect and collision
technique on structured targets, using impedance mismatching. Efficient implosion
can be driven at a high level of neutron emission. However, non-uniform illumination results in unstable behaviour of the implosion, which becomes dominant for
wail slowing before the stagnation time. When this problem is solved, it is shown
that very efficient ablative implosion will be obtained with direct drive using short
wavelength lasers.
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DISCUSSION

S. WITKOWSKI: Could you quantify, or comment on, the influence of the
fast electrons produced by stimulated Raman scattering (SRS) at 0.26 Mm on the
preheating of the pellet.
E. FABRE: In our present experiments the percentage of SRS and the energy
in the associated fast electrons is negligible — 10~8 of the laser energy. Moreover,
a fast electron temperature of 20 keV is moderate, and these electrons can be
stopped. However, we need experiments with much larger plasmas, closer to future
large target conditions, in order to verify whether the saturation observed is still
occurring for the backward Raman scattering, and also to see that the forward
Raman scattering does not reach a high level since this instability could produce
very fast electrons.
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K. SATO: Although you mentioned that experimental results of neutron
yield dependence on temperature are consistent with the cross-sections, the actual
dependence of the cross-section on temperature is much higher than the value of
3.6 which you report. Could you explain this discrepancy?
E. FABRE: The experimental neutron or a-particle yield scaling with the
fuel temperatures cannot be determined with good accuracy owing to experimental
error in neutron measurement. It scales withTf when 3.5 < a < 6, as is written
in my paper. What we expect from the D-T cross-section dependence on Tjfor
values of Tj around 2 keV is a scaling where a = 5.
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PROGRESS IN INERTIAL CONFINEMENT
FUSION WITH LIGHT ION BEAMS
AT SANDIA NATIONAL LABORATORIES
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Abstract
PROGRESS IN INERTIAL CONFINEMENT FUSION WITH LIGHT ION BEAMS AT SANDIA
NATIONAL LABORATORIES.
The construction phase of the Particle Beam Fusion Accelerator (PBFA II) was finished with a
successful first shot on 11 December 1985. The paper describes progress in bringing the pulsed power,
power flow and ion diode systems to operational status.

PBFA II Introduction
Light ion beams [1] offer the possibility of a very
efficient and low-cost driver for Inertial Confinement Fusion
(ICF). The energy deposition is straightforward since the ions
deposit their energy in a dense plasma that prevents
microscopic instabilities from producing preheating electrons.
The difficulty with light ions has been the focusability. In
1984, a proof-of-principle experiment on Proto I, at the same
current density and charge density required for inertial fusion
on the Particle Beam Fusion Accelerator II (PBFA II), showed
that intense ion beams can be focused to the required
divergence with the correct local physics [2]. In 1985, diode
and accelerator technology was examined [3] on PBFA I at the
same current and diode radius required for fusion on PBFA II.
PBFA II [4] is the latest of a series of particle beam
generators designed and tested to provide a power source for
driving ICF targets. It is the first one that has been
designed as an intense ion accelerator and the first with the
potential of igniting thermonuclear fuel. Since the lithium
ions deposit their energy efficiently in a dense plasma which
shields the beam ions from each other and remains very
collisional, instabilities and the resulting preheat are
precluded. Consequently, energy deposition is classical and
benign. The principal uncertainties are the generation and
focusing of
a million joule (MJ) ion beam to the required
100 TW/cm 2 power density, which requires a 5 kA/cm'2 Li + ion
source and a divergence of 10 to 15 mrad. Consequently, almost
all of the work on the light ion approach to ICF has centered
93
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FIG. 1. Artist's cutaway drawing of PBFA II. Energy from the capacitors in the outer annulus is
delivered to the target in the center through the multi-module power-conditioning network.

on the generation and focusing of light ion beams. The target
implosion experiments performed with other ICF drivers are
generally applicable to the targets for light ions also, so
target issues have not been neglected by this strategy.
PBFA II is shown schematically in Fig. 1. The accelerator
was activated on December 11, 1985, with all components outside
the target in place for testing. Preparing it for target
experiments requires three steps: a series of "shakedown"
shots to stress the accelerator and identify weaknesses, a
series of experiments to optimize the pulsed power and to
develop the plasma opening switch (POS), and a final series to
develop the beam technologies. The first of these steps is
completed and the second is underway. The major technical
issues for each of the PBFA II sections will be presented and
evaluated.
Energy Storage Section
The energy is stored in 36 Marx generators, large banks in
which 60 capacitors are charged in parallel and discharged in
series. The 36 modules store 13 MJ of energy and discharge
into a pulse-forming section in 1 us by firing 1080 spark gaps
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inside the generators. Reliability, prefire control, and
system timing uncertainty or jitter were the major issues.
Experience on the PBFA I predecessor to PBFA II indicated that
these would be major problems. The solution [5] required the
changing internal resistors to promote a smooth spark-gapbreakdown sequence in the first two rows of the Marx to make
spark gap firing sequence repeatable and, therefore, low
jitter. The stable firing sequence was subsequently verified
with new photonic diagnostics [6]. The same system changes
were adapted on PBFA I and the timing spread was reduced from
-70 to 120 ns to the 20 ns range, and prefires were virtually
eliminated. The 36 PBFA II generators each have a reliability
of >0.9995, which corresponds to a single gap reliability of
>0.99998, and a PBFA II verified timing spread of 20 to 40 ns.
This spread is adequate and does not contribute to target
asynchrony.
Pulse-Forming Section
The pulse-forming section [4] in the water-filled annulus
of PBFA II compresses the electrical power pulse from the Marx
generator by a factor of 8, synchronizes all 36 modules,
inverts the electric field direction on half of the accelerator
to add voltages in series, and transforms the impedance to
match that of the vacuum section.
All 36 modules must be synchronized within 15 to 20 ns for
maximum accelerator power and sub-nanosecond asynchrony at the
target. Modules are synchronized with a laser-triggered gas
switch. The strong coupling [7,8] between KrF laser light and
SF6 insulating gas has been developed into a reliable, 5 MV,
low prefire, low jitter, voltage insensitive switch technology
[9] for PBFA II. The novel multi-stage switch design has
series gaps arrayed along a central column and isolated from
the segmented gas-switch housing. The laser trigger ensures
low jitter. A new model [10] for gas switch breakdown has been
developed and utilized to reduce prefires, jitter, and voltage
sensitivity of high voltage gas switches. This gas switch is a
key component of PBFA II and operates nominally at 5.2 MV,
0.9 us charge time, with 2 ns rms jitter, and with >99.7& (from
DEMON data) reliability against prefires. The single 4 J,
injection-locked KrF laser beam is divided into 36 beams which
fire all 36 modules simultaneously. The laser itself had a
misfire rate of 5% which has been improved to a rate of less
than 0.2%. However, before this misfire improvement was made,
a worst case accident occurred on the fifth "shakedown" shot
and with the accelerator set to fire at full energy. A laser
misfire could have been catastrophic if that fault mode had not
been accommodated in the design. The energy left in the
intermediate store might have destroyed the energy-storage
section, the storage capacitors, and the gas switches, and
might have mixed the oil and water. The robust accelerator
survived with only minor damage to the gas switches and useful
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data was obtained. Early tests of such fault modes are
important in making a large pulsed-power system fully
operational and survival indicates the integrity of the design.
The pulse-forming lines of PBFA II compress the energy
into a 55 ns wide pulse by a two-staged, water-dielectricsvitched, pulse-forming network. A double-bounce, charging
scheme [11] was developed and adopted [4] for PBFA II to
minimize the voltage on the lines. The pulse-forming section
produces a 5.8 MJ, 100 TW, and 3.2 MV pulse from its 36 modules
into the polarity-inverter-transformer combination.
Since a 30 MV pulse is desired to give the lithium ion
optimum range in the target, the 36 modules are' combined in a
series-parallel combination to provide a 12 MV source for the
vacuum section. The final voltage gain is accomplished by the
POS [12,13] in vacuum. Each of the coaxial transmission lines
of the pulse-forming section are split, with an 88% energy
efficiency, into two parallel-plate transmission lines. The
one further from the mid-plane of the accelerator has a crossover network that inverts the electric field vectors.
Parasitic losses from the inverter reduce the energy in that
portion of the line to 80% of its initial value. The line
without the inverter has no such loss, so approximately 120 kJ
of energy is injected into the transformer. Measurements of
the energy and power transport through the inverter agree with
computed values [14].
Transformer Losses
Although approximately 4.6 MJ of energy is injected into
the 36 transformers, only 76% is available at the output for
the water section. The impedance transformation in each of the
72 parallel plate transformers is from 4.3 ohm input to
10 ohm output in a 2.2 m long linear taper. The computed
efficiency is 95% if the lines are uncoupled and if radiative
losses are negligible. Experiments on a 1/5 scale model of 18
of the modules showed the losses are not dependent on adjacent
modules. It appears that the electromagnetic coupling between
the various lines in the transformer causes destructive
interference and reduces the output pulse by 30%. These losses
are still present in PBFA II. Alternate transformer
configurations are being investigated through 3-D computer
simulations to reduce the parasitic losses. The potential for
significantly increasing the PBFA II energy makes this research
a high priority.
Vacuum Insulator Stack
The central vacuum section of PBFA II is 3.6 m in diameter
and 4.8 m high. The 59 square meters of insulator are required
to feed 100 TW of power in the baseline design. The insulator
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performed well in the "shakedown" shots and should accept the
additional energy resulting from improvements in the
transformer efficiency.
Magnetically Insulated Transmission Lines (MITLs)
The MITLs provide azimuthal smoothing of the wavefronts
from the 9 modules feeding each level. This azimuthal
smoothing is a key step in reducing the beam asynchrony at the
target to the required sub-nanosecond level. In addition,
these transmission lines provide the magnetically insulated
storage inductor for the last stage of power compression and
voltage gain. Since each half of the accelerator has 4 biconic
MITLs added in series, electron losses at the junctions are
potential energy losses. These losses are computed to be small
because the POS provides the initial low impedance to keep the
electron flow overly trapped.
The computed and measured current waveforms agree to
within a few percent and indicate the monitoring system is
adequate, the energy per module is as expected, and the MITLs
are functioning to azimuthally and vertically smooth the wave
as designed. More testing with optimal POS conduction and
opening and normal module timing is required to fully test the
MITL performance, but the shakedown tests are encouraging.
Plasma Opening Switch (POS)
The POS is a joint research and development project with
the Naval Research Labortory (NRL), the lead laboratory in the
research. Substantial contributions have been made by
individuals at Sandia National Laboratories (SNL) and at the
Laboratory of Plasma Studies of Cornell University.
Experiments and theoretical studies in many other institutions
have added to the understanding of POS operation [15-17].
Nevertheless, that understanding is still incomplete and the
POS is still a moderate risk component. The PBFA II POS could
not be fully tested without PBFA II.
Early results are encouraging. The switch conducts for
the designed current but opens in approximately 30 ns instead
of the 12-15 ns required. A series of tests are in progress to
optimize the POS performance and to determine whether or not a
second iteration in the design will be required. Recent
experiments with a small cathode radius [18] or a series field
coil in the cathode [19] have shown improved POS performance.
These innovations offer possible improvements in the PBFA II
POS. The voltage and power gain expected of the POS are
essential for the PBFA II ignition experiments. However, the
longer-term experiments with pulse shaping, beam extraction and
beam transport will not require the POS. If the POS
performance is found to be inadequate, the schedule for the
pulse-shaping option will be accelerated.
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Lithium Ion Source
At the last meeting of this conference, the development of
a suitable lithium ion source was identified as a major
priority for the light ion approach to ICF. Since that time,
more than 20 proposed sources were evaluated and 5 were
selected for development: a glow-discharge-cleaned LiF
flashover source [20], an electrohydrodynamic-instability
driven liquid lithium source [21], an impact ionized Li gas gun
approach [22], an approach [23] producing a Li vapor by flash
heating a LiAg thin film with an electrical heater and ionizing
the vapor through the LIBORS [24] process with a visible dye
laser, and laser vaporization followed by single-photon
ionization with an ArF laser [25]. All 5 sources have shown
encouraging results. The last 3 have shown
evidence for
lithium ion densities in excess of the 10 1 7 cm"3 specified by
the design criteria. The first one has been fielded on PBFA
II, but the lithium content of the ion beam was negligible at
the 8 MV operating level achieved in the "shakedown" shots.
This source will be tested as the voltage increases with POS
optimization. The second, third, and fourth sources are being
prepared for PBFA II testing during the next year. The last is
being examined for feasibility. The number of promising
sources is encouraging; only one has to work. Any of the 5
should be acceptable for the PBFA II experiments, but only the
second can be readily extended to multi-shot or repetitive
operation required by the ICF drivers following PBFA II.
Ion Beam Generation and Focusing
The PBFA II ion diode is shown in Fig. 2; it has the same
radius as the PBFA I diode, but twice the height. The
operating point is to. be 30 MV and 5 MA compared to the 1.8 MV
and 5 MA of PBFA I. The desired ion is lithium instead of the
protons accelerated on PBFA I. The PBFA II diode features a
much larger field coil in the anode and one in the mid-plane of
the cathode. The new magnetic field geometry reduces the
magnetic field energy required to insulate the electrons by a
factor of 10, and compensates for the Li + canonical momentum
change as it strips to L i + + + in the gas-cell membrane. The
proton impurities that could preheat the target are excluded
from the target region by their canonical momentum [26] in the
PBFA II geometry.
The diode was designed [27] with the MAGIC [28] 2-D, fully
electromagnetic, PIC code merged with the accurate magnetic
field profile coputed with the TRIDIF code [29]. The insights
gained from these computations have been generally encouraging.
However, the ion current is significantly delayed, even with
the ion-source space-charge limited at the beginning of the
calculation. A new model [30] for the impedance of ion diodes
has been advanced substantially since the last conference and
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FIG. 2. PBFAII ion diode region and plasma opening switch (POS) which will produce the high-energy
ion beam and direct it onto the central target.

the data from many ion diode experiments has been successfully
explained with the electron lifetime (or, equivalently, the ion
production efficiency) as the only free parameter. The MillerMendel [30] model suggests that new techniques for quickly
establishing the electron charge - which determines the ion
current for a given geometry and voltage - in the accelerating
gap will be necessary to efficiently couple the ion diode to a
10 to 15 ns PBFA II pulse. In addition, techniques for
controlling the electron lifetime after the desired ion current
is reached will be required to maintain or preferably increase
the diode voltage during the pulse. Until now, only limited
attention has been given to electron control, such as the
electron limiter [31] on the anode. There is a great need and
opportunity for significant advances in ion diode physics
through new ideas for electron control. The recent
demonstration of electron retrapping in strong applied magnetic
fields [19] may stimulate such new approaches.
Although the experiments in 1986 emphasized pulsed power
development, many of the experiments had an ion diode. The
coupling to the diode was poor when the plasma opening switch
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was used because the top and bottom switches have not been
adequately simultaneous and because the diode impedance is too
high for too long at the 8-9 MV of recent experiments.
Experiments without the opening switch provide a longer pulse
at 8 MV and permit the diode model in Ref. [30] to be tested in
this regime. The model predictions agree well with the
measured current and voltages. The model indicates
approximately 1.5 MJ of ions and 100 KJ of electrons are
produced. No direct measurements of the total ion energy have
been obtained. However, x-ray measurements can account for
only 200 KJ of the 1 to 2 MJ available and are consistent with
a megajoule ion beam. Direct measurements are now underway.
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DISCUSSION
D.D. RYUTOV: Do you see any possibility of developing a Li 2+ or Li 3+ ion
source? This might well facilitate the production of a 30 MeV beam.
J.P. VanDEVENDER: The beam must be a pure, single species to avoid preheating the ions. If we wanted a lower voltage and higher current, we would turn to
deuterons, since they have almost the same charge-to-mass ratio as Li 3+ and would
be purer. However, we need the 1 to 7 ratio of Li + to reduce magnetic bending to
low levels, so we will be continuing with Li + .
K. YATSUI: Does the appearance of EHD instability strongly affect the divergence angle of the extracted ion beam? And have you measured these dependences
experimentally in several parameter spaces?
J.P. VanDEVENDER: No, the divergence has not been measured. Calculations
of the divergence under PBFA II conditions by Klingham in the United Kingdom
indicate 2 mrad. It will be measured on PBFA II.
K. KASUYA: You said that your LIBORS would be very expensive. Could you
give a few more details of that?
J.P. VanDEVENDER: Yes. For example, the dye laser (200 J) costs
US $600 000 and the system for flash heating a lithium film anode would cost about
US $1 400 000; manpower is additional.
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K. KASUYA: And what happens if your plasma opening switch fails? Would
you go back again to a proton or a deuteron beam?
J.P. VanDEVENDER: No, we would use an alternative opening switch, as
recently invented by C.W. Mendel at Sandia Laboratories; or else we would stack
all modules in series to generate 30 MV without a switch, in which case there would
be no power gain.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH WITH LIGHT ION BEAMS AT ILE.
The diode physics with pulsed power technology has been investigated on a Reiden IV-H
machine with a 180 kj Marx generator (output 6.4 MV, 0.3 MA, 1.8 TW). A brightness of
1014 W/(cm2-rad2) was achieved using a planar inverse pinch diode. For the focusing diode, the
aberrations induced by the self-magnetic field and the external magnetic field could be corrected
by the anode with a non-spherical surface structure, which might improve the focusing. The
hydrodynamic processes in the targets caused by irradiation with focused light ion beams were
investigated for plane and cylindrical geometry. Driving pressure scalings for various targets
with different ion energies were obtained from experiments, and computer simulations.
Irradiations of Cannonball targets were performed; these were composed of a 100 jum thick
polyethylene foil sandwiched between 10 /um and 20 /Lim thick copper foils. The pressure in the
case of the 3 MeV proton irradiation was 5-6 times higher than that in the case of the ablative
acceleration target. The deposition profiles of the light ion beam in the solid target may be
advantageous in Cannonball targets. The temperatures of the front and rear surfaces of various
targets were monitored by diodes to study the conversion processes of the beam energy to the
radiation in the target.

1.

INTRODUCTION

The first and most important milestone for inertial confinement fusion (ICF)
is to achieve ignition. Because of the recent progresses in high power particle beam
technology, light ion beams can be considered to be one of the candidates for
ignition energy drivers.
The advantages of light ion beams are a large output energy, a high efficiency
and a low cost of the total system. An important issue is the focusing of the beam
and therefore large efforts were made to obtain sufficient focusing.
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FIG. 2. Schematic picture of the Mahobin target. K is the tamper thickness, AR is the radiator
thickness and Rfis the fuel pellet radius.

2.

REQUIREMENTS FOR IGNITION BY LIGHT ION BEAMS

A rough estimate obtained from energy balance and mass conservation
equations1 indicates the required driver energy for the ignition [1 ]:
Ejg~4X109(l

+AJUI/3)V"2T?I2

(1)

where A is the initial non-uniformity of the implosion, ju is the final compression
ratio normalized by the liquid D-T fuel density, and rii is the implosion efficiency.
1

The concept of using energy balance and mass conservation to obtain the target gain
was noted by S. Bodner in J. Fusion Energy 1-3 (1981) 2 2 1 .
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In this case the ignition conditions are assumed to be pR ~ 0.4 g/cm2 and the
temperature is assumed to be approximately 4 keV.
The upper limit of the compression ratio ju is roughly determined by the preheat ratio fH:
3

(2)

Figure 1 shows the relation of the driver energy to the compression ratio for
the ignition estimated from Eq. (1). The dashed lines are the critical lines of the
ignition forT?i~0.1, A ~ 0.01 and 7?j ~ 0.05, A = 0.05. The solid lines indicate
the upper limit of the compression ratio obtained from Eq. (2).
For light ion beams, the preheat ratio f^ can be expected to be lower than
10~4. In an actual case, the implosion efficiency can be varied with the beam energy
according to the particle beam range and the focusing size [2]. The hatched area
in Fig. 1 shows the ignition with light ion beams, taking into account the above
considerations.
The condition required for a driver of megajoule level is to achieve a compression ratio as low as 200 with a 1 mm radius target. In this case, the nonuniformity of the implosion has to be within 3%. The Rayleigh-Taylor instability
of the compressed core and the beam irradiance non-uniformity may not be very
serious at this low compression ratio and large target radius. The aspect ratio of the
target radius to the wall is assumed to be 20 and the smoothness of the target is in
the sub-micrometre range.
The key issue of ICF with light ion beams is the achievement of these parameters.
The Mahobin target proposed by us [3] seems to be favourable for ignition in this
respect. Figure 2 shows a schematic picture of the Mahobin target. The implosion
efficiency is estimated to be up to 8%. Sufficient radiation smoothing of the nonuniformity of the implosion can be expected according to a simple estimate. The
radius of the outer high-Z shell is 2.8 mm and the thickness of the radiator is
1.6 mm. The proton beam particle energy is about 5 MeV. The power density is
1014 W/cm2 and the pulse length is 10 ns with a Gaussian waveform. The radiator is
made of metal foam and has a density of 0.6 g/cm3. The tamper and pusher are
made of solid gold, with a thickness of 20 jum and 5jum, respectively.

3.

FOCUSING EXPERIMENT WITH THE RADIAL FOCUS DIODE

3.1. Radial focus diode
Experiments were performed on a Reiden IV-H pulsed power machine. The
configuration of the Reiden IV-H is shown in Fig. 3. The parameters for maximum
output are a voltage of 6.4 MV, a current of 0.3 MA and a pulse duration of 20 ns
with plasma opening switches.
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Diode

FIG. 3. Configuration of the Reiden IV-H pulsed power machine: Marx generator, intermediate
storage capacitor (ISC), pulse forming line (PFL), transformer line (TL), prepulse switches (PPS),
impedance transformer line (ITL).

FIG. 4. Experimental apparatus of the radial focus diode.

Figure 4 shows the radial focusing diode. Assuming an enhancement factor of
eight, the diode A-K gap was set to be 7.2 mm for V = 2 MV. The coaxial output
geometry of the Reiden VI-H machine was converted to a radial geometry by crosscurrent feed. The upper and lower half of Fig. 4 show the cross-section of the
diode at different angles. The anode ring was connected to the inner high voltage
electrode of the coaxial line by four spoke holders. The cathode electrode was
connected to the ground by another four spoke holders.
The diode setting was obtained by adjusting the cathode electrode with an
accuracy of ± 15 fim. The magnetic field coils installed in the stainless steel cathode
electrode were powered by a 400 p¥ capacitor bank charged up to 20 kV. The
insulating magnetic field was applied 60 ;us before the diode pulse. On this timescale the field diffusion into the aluminium anode was very small. The shape of

IAEA-CN-47/B-H-5

107

applied
magnetic field

FIG. 5. Aberration of the focused beam measured by a shadow box for an anode radius of
38 mm. The black circles are data points taken at different azimuthal positions. The broken
line indicates the calculated beam deflection angle due to the self-magnetic field.

the stainless steel coil housing had a significant effect on the magnetic field
structure. The applied magnetic field structure was calculated by the magnetic
diffusion code ORION-FIELD [4].
We used a surface flash-over anode made of aluminium, with 1 mm deep
grooves filled with paraffin. The grooves were 0.5 mm wide and the distance
between them was 0.5 mm. The anode area was 28 cm2.
3.2. Beam trajectory control
The ion beam trajectory may be disturbed in two regions, namely the diode
gap and the transport path to the target. We tried to improve the beam trajectory
in the diode gap at the first step.
The beam trajectories passing through the diode were measured with a
shadow box placed 2 mm inside the cathode edges. Figure 5 shows the beam
aberration as a function of the radial position on the anode surface for an anode
curvature radius of 38 mm.
In this case the term aberration means the angle between the beam trajectory
and the direction of the ballistic focus to the diode centre. The positive angle
indicates an over-focus. The black circles are data points obtained at different
radial positions. The broken line indicates the calculated beam deflection angle
due to the self-magnetic field in the diode at peak diode power.
The results show that the beam aberration is larger than the self-magnetic field
deflection. The aberration had a minimum (maximum negative aberration) at
z = 2-3 mm and increased with increasing z. In the outer region of the diode, a
positive aberration was obtained. This aberration may be due to the non-spherical
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FIG. 6. Schematic picture of the electron virtual cathode.
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shape of the electron virtual cathode and/or the non-uniform expansion of the
anode plasma in the diode as shown in Fig. 6. This aberration can be corrected by
changing the shape of the virtual cathode and the shape of the anode surface.
We performed aberration control by correcting the anode curvature (see
Fig. 7). The slope corresponding to the estimated beam emitting point on the anode
surface was corrected by the difference between the ideal trajectory and the real
trajectory. The corrected anode had a non-spherical surface. Using the corrected
anode, with the same trajectory measurement, the focus size changed from 5 mm to
3 mm (Fig. 7(b)). The improved focus size could be explained by the divergence
angle due to the plasma instabilities in the diode. This fact implies that the correction of the anode curvature was very effective in improving the focusing.

4.

TARGET INVESTIGATION

Interaction experiments for the Mahobin target have been performed.
Figure 8 shows a shadowgraph of the layered target. The target is composed of a
90 nm polyethylene foil sandwiched between rear and front copper foils of 10 jrni
and 20 /um thickness, respectively.
The power densities on the copper foil were monitored using the 6SCu(d,n)6SZn
reaction. The threshold of this reaction was 2.17 MeV. A scintillator (NE 102)
and a photomultiplier tube (Amperex 2020) were used for the neutron monitor
with a 6 m flight length.
The energy spectrum of the proton beam was estimated from the neutron
waveform. The proton energy onto the target was 2.9 MeV; it corresponded fairly
well with the estimated voltage on the anode.
The beam current on the target was estimated from the neutron number and
from carbon activation. The neutron number was monitored with dysprosium
activators with a paraffin thermalizer. The carbon activation box was placed around
the target. Five meshes with 30% transparency were used to avoid vaporization of
the activated carbon surface.
The current waveform was monitored with charge collectors, a B-probeand
a Rogowski coil placed around the target. With this system the power density on
the target could be calculated. From the diode configuration and the damage
pattern of the solid thick-plate target, the spread of the incident angle was estimated
to be 33°. The current density on the target was 35 kA/cm2. The power density
was estimated to be 1 X 10" W/cm2 and the pulse length was 20 ns.
The acceleration pressure of the target was estimated from the behaviour of
the target. The estimated pressure was 0.5 Mbar in this case. When the same target
was irradiated with a 1 MeV proton beam at a power density of 5 X 1010 W/cm2
the pressure was 0.08 Mbar. In this case the ion beam was stopped in the first foil
and therefore there was no effect of the Cannonball shape of the target.
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obtained was 5-6 times higher than in the case of the 1 MeV proton beam irradiation.
This fact shows the high hydrodynamic efficiency of the tamper target.
Because of the low power density in our experiment, the radiation effect was
not very important. However, the simulation shows that the radiation effect will
be important when the power density reaches more than 1013 W/cm2.
The temperatures of the front, body and rear surfaces of various targets were
monitored using PIN diodes and X-ray diodes. The surface temperature was two
times higher than the temperature of the body. This fact may be explained by
the contamination of the carbon ions in the proton beams and the deposition profile of the ion beam.
There were two peaks in the temperature on the rear surface. When the thickness of the foils was increased, the time difference between the two peaks became
larger. The first peak may correspond to the shock wave and the second peak
to electron thermal conduction.

5.

SUMMARY

Beam focusing and beam-target interaction have been investigated with a
radial focus diode and with a high bright diode. The aberration of the ion beam
in the diode is mainly due to the self-magnetic field and the configuration of the
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virtual cathode. The beam focusability has been improved by a modification of
the anode curvature.
The effect of the Cannonball shape of the target was studied using a 3 MeV
proton beam. A five times higher pressure in Cannonball targets than in ablation
targets was observed. The deposition profile of the ion beam seemed suitable for
this target. The computer simulations indicated advantages of this scheme for
ignition experiments.
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Abstract
X-RAY DIAGNOSTIC DEVELOPMENTS FOR LASER-MATTER INTERACTION
EXPERIMENTS.
The paper reports on progress in the development of new X-ray diagnostic instruments
required for laser-matter interaction experiments, with emphasis on the range of soft and
hard X-ray emission between 100 eV and 100 keV. For high spatial/temporal X-ray measurements, a soft X-ray streak camera with lamellar electron optics has been developed. This
camera is used with a cylindrical mirror for diagnosis in the range 100 eV to a few keV.
Recently, a new optimized prototype has been tested and higher spatial/temporal resolution
has been measured. For soft X-ray imaging techniques (from 50 eV to a few keV) a Wolter
microscope has been developed and tested, and a detection system has been built around a
small image converter tube with an X-ray photocathode and a phosphor screen. The image
on this screen is read by a charge-coupled device (CCD) working in the visible spectral range.
For higher energy X-ray imaging, a simple pinhole camera is used which is connected to an
electronic image readout, using a CCD array that provides two-dimensional spatial information in the 2-10 keV spectral range. For spectroscopic measurements, an X-ray spectrometer is used, with a curved T1A phosphate crystal and a linear array of 4096 photodiodes
with automatic 12 bit digitization (range 1.3-28 keV). For accurate energy balance measurements in the keV spectral range, a number of quasi-linear adiabatic X-ray calorimeters and
bolometers have been built for which absolute electrical calibration is possible. The paper
also presents some preliminary results on X-ray calibration with a pulsed soft X-ray source
working with various gases.
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SOFT X-RAY IMAGING

X-ray streak cameras are a basic tool for investigation of laser driven plasmas.
Our best X-ray camera (100 eV - 10 keV) is the P650X; it is constructed around
an image converter tube with lamellar electron optics. The main characteristics
of this instrument are as follows:
— Useful slit length: 12 mm;
— Screen dimension: 24 mm along spatial axis,
40 mm along time axis;
— Spatial resolution with an image intensifier (ITT Bendix F4113, useful
diameter 40 mm): 17 line pairs per millimetre (Cp-mm" 1 ) over the whole
screen at 35% contrast, in dynamic mode;
— Temporal resolution: 3-5 ps for a sweep speed of 2 X 109 cm • s"1.
With a thin (500 A) gold photocathode and a cylindrical gold mirror, we
have developed a streaked soft X-ray imaging device in the range 100 eV to
a few keV, with 20-fold magnification. The spatial resolution is limited by the
gold mirror to around 6 //m. Figure 1 shows the experimental set-up and Fig. 2
shows the results obtained with a gold target [ 1 ].
To improve and extend the sensitivity of the electron optics, we have
recently tested the new P750X R.T.C.1 prototype shown in Fig. 3 [2]. In

slitalignment device^
line of sight pipe and
vacuum system

X-ray image plane

gate valves.

cylindrical gold
or glass mirror 9=2°or5
(with vertical generating
lines)
X-ray film holder/
filter inserter
pellicle
soft X-ray
streak camera
P650Xwith
bi-lamellar optics
. 16 Ip • mm"'
.3-5ps

FIG. 1. Experimental set-up of the streaked soft-X-ray imaging device.

R.T.C., La Radiotechnique Compelec, 130, Avenue Ledru Rollin,
F-75540 Paris Cedex 11, France.
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FIG. 2. Example of recorded streak image and corresponding calibration of the sweep speed.
Laser wavelength: \ = 1.06 pm; incident energy: Et= 740 J; FWHM laser pulse: At = 900 ps,
gold target: 200 jim in diameter; 200 \im in length; gold X-ray mirror; grazing incidence
angle: 6 = 2°; cut-off energy: hvc = 2 keV; magnification: 20.

photocathode
accelerator

blanking

electrode
quadrupolar lens
spatial focusing
temporal

electron

beam

deflection
line

streak

image.

FIG. 3. P750X image converter tube with lamellar optics.
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static mode, using a palladium photocathode on a sapphire window and ultraviolet light, we measured the following performance without an intensifier:
— Magnification along the spatial axis (photocathode to screen): 2
— Resolution along the spatial axis: 32 Cp-mm"1 on the photocathode (~32 /zm)
16 Cp-mrrT1 over the whole screen (~62 jum)
— Resolution along the time axis on the screen (~60 fim).
Figure 4(a) shows a photograph of a resolution chart (25 Cp-mm"1) and
Fig. 4(b) shows a microdensitometer trace. The corresponding temporal resolution
is in the range of 2-3 ps. These results are in good agreement with calculated
theoretical values. A camera is under construction.
For two-dimensional images in the spectral range 50 eV to a few keV, we
tested a Wolter microscope working in the soft X-ray range. For analysis of the
image, we used a modified R.T.C. image converter tube with an X-ray photocathode (500 A gold or Csl layer on a 3000 A thick plastic foil) and an output
fibre plate on which a P20 phosphor screen is deposited. Figure 5 shows the experimental arrangement on the target chamber. The main characteristics of the Wolter
microscope are: magnification: 10; microscope resolution: 40 Ep-mm"1, resolution
of the visible image: 13.3 £p-mm" 1 .
The 10-fold magnified image appearing on the phosphor screen is read by a
charge-coupled device (CCD) working in the visible spectral range. The angular
position of the image converter tube is determined in order to separate the soft
X-ray image from direct X-ray emission [3].
In the 1-10 keV spectral range a pinhole camera (Fig. 6) is used with a CCD
recorder operating under vacuum. The image of the plasma through the pinhole
is recorded on the CCD with an adjustable magnification [4]. The television
camera produced by Thomson-CSF2 is in three parts. The CCD recorder operating
under vacuum in the chamber is connected to the head of the miniature camera by
means of a 29-pin vacuum-proof connector. The CCD is driven by a television
camera produced by Thomson-CSF LER3; the circuits have been optimized in
order to obtain a very high dynamic range on the video signal without cooling
of the CCD. We measured a dark noise of 0.7 mV peak to peak, for a saturation
level of 700 mV, but the linear response in amplitude is only about 50-100,
depending on whether or not CCD polarization voltages are set for maximum
sensitivity. The immediate processing of the image is then performed by an
8 bit image memory developed by Numelec 4 .
Thomson-CSF Boulogne DTE, 38, rue Vauthier, B.P. 305,
F-92102 Boulogne, France.
Thomson-CSF LER, Avenue Belle Fontaine,
F-35510 Cesson Sevigne, Rennes, France.
Numelec, 1, place de lagare, La Verriere, B.P. 38,
F-78320 Le Mesnil Saint-Denis, France.
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FIG. 4. Static measurements with ultra-violet light.
(a) Photograph of resolution chart [magnification: 10; 25 Hp-mrn'1);
(b) microdensitometer trace.
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FIG. 5. Experimental set-up of the whole appartus mounted on the interaction chamber.
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FIG. 6. Pinhole camera with CCD recorder.
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FIG. 7. Data acquisition system using linear arrays.

2.

X-RAY SPECTROSCOPIC AND ENERGY BALANCE MEASUREMENTS

For spectroscopic measurements, a great number of data are recorded on
the film. To obtain the results very quickly, we developed real-time acquisition
systems on an X-ray spectrometer, using a curved T1A phosphate crystal. This
spectrometer is used in the range from 1.3 to 2.8 keV, with cooled (5°C) linear
array detectors of 4096 photodiodes and a 12 bit digitization. Figure 7 shows
the data acquisition system using linear arrays. Figure 8 shows an example of
a spectrum obtained from an aluminium plane target at 0.53 nm, with
1.6 X 10 15 W-cm" 2 laser irradiation.
For accurate measurements of the energy balance, a new type of isoperibolic calorimeter has been developed and used, either with an NG1 glass absorber
to obtain a broadband (0.3-2 //m) light measurement or with aluminium windows
0.5 mm thick for ions and X-rays. Figure 9 shows a schematic of the calorimeter,
with a small thermopile of high sensitivity and a low heat capacity for the absorbing
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FIG. 8. Aluminium spectra obtained from the X-ray spectrometer using linear arrays of
photodiodes. Aluminium plane target; laser intensity: 1.6 X 10s W- cm~2, \ = 0.53 fim.

FIG. 9. Broadband isoperibolic calorimeter.
1 - absorbing material, 2 - heater equalizer, 3 - resistive layer, 4 — thermopile, 5 - cold source.
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FIG. 10. Experimental set-up for direct and fluorescent mode calibration with pulsed
soft X-ray source.

and reference material. With a resistive layer, absolute electrical calibration is
possible and a sensitivity of 2.68 mV-J"1 -cm"2 has been determined. Absolute
X-ray measurements have also been performed with a special X-ray bolometer
made of a 5 fim thick platinum grid. A sensitivity of 74 mV- mJ" 1 • cm"2 has
been determined by electrical calibration [5].

3.

X-RAY CALIBRATION

X-ray calibration is needed for many detectors. We used mainly continuous
X-ray sources, operating at 1.8 keV and 4-5 keV, and a pulsed source obtained
by modifying a classical coaxial plasma gun. Figure 10 shows the experimental
set-up of the pulsed X-ray source around the chamber. The energy radiated into
X-rays is absolutely measured with the X-ray bolometer. The X-ray energy
emitted from a neon gas discharge is about 20 J • ATI~X . The major part of the
X-ray emission is located between the He-like limit of free and bound neon ions
(1.2keV)and the K-edge energy of the filter (1.3 keV - 1.56 keV - 1.84 keV).
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Direct measurements can be made, but calibration is also possible by using the
fluorescent mode. Figure 11 presents a comparison between the various methods
for X-ray calibration of CCD arrays [6].
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Abstract
EXPERIMENTAL STUDIES OF RADIATION DRIVEN LASER FUSION.
In a study of target inlet closure characteristics, plasma expansion processes were
observed both temporally and spatially. The measured closure velocity can be given by
Ct = 10 I 0 ' 3 , where I is laser power density. Furthermore, the X-ray energy spectra of
plane and hohlraum gold targets were recorded; their equivalent peak radiation temperatures
were 115 eV and 98 eV. The results show that hohlraum targets are advantageous for laser
energy absorption and X-ray conversion.

1.

INTRODUCTION

Radiation driven compression is considered to be a very promising approach
to inertial confinement fusion (ICF) because of the uniformity and high efficiency
achieved [1 ]. To study basic phenomena, such as laser energy injection efficiency
into hohlraum targets, X-ray conversion efficiency and radiation temperature, we
conducted laser-target interaction experiments.
Plane pinhole targets were used to simulate experiments of laser injection
into hohlraum targets. Also the effects of laser energy, pulse duration, inlet
diameter and power density deposition at the pinhole edge on laser energy
injection efficiency were investigated [2, 3]. To study the characteristics of
target inlet closure, the plasma expansion velocities were measured; they can
be given analytically by C t = 10 I 03 , where C t is the closure velocity in jum per
0.1 ns and I is the laser power density at the inlet edge in 10 14 W/cm 2 . Also a
0-like X-ray spatial distribution was observed, which implies a new X-ray
conversion process.
Radiation spectra and energy balances were used for a comparison of
plane targets and hohlraum targets. A higher laser absorption efficiency and
a broadened X-ray temporal spectrum of the hohlraum targets were found.
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FIG. 1. Energy injection versus hole diameter.

2.

APPARATUS

The experiments were conducted on a Nd:glass laser facility (0.1 TW,
0.2-3 ns, 1.06 ^m, 10 13 -10 15 W/cm2, focal spot diameter 40-70 jum). Plane
gold targets (25 /im thick), disk pinhole targets (10 iim thick, hole diameter
70-150 fim) and hohlraum targets (10 jum thick, spherical shell, 200 jum in
diameter, with injection and diagnostic holes) were used with a target aiming
accuracy of 10 jam.
The energy, duration, spatial and temporal distribution, focal spot, and
signal-to-noise ratio of the laser beam were monitored with light calorimeters,
a streak camera, an optical array camera and photodiodes.
The X-ray energy spectra were recorded with a ten-channel Dante spectrometer, the X-ray temporal spectra with an X-ray streak camera, the X-ray spatial
distribution with pinhole cameras, and the X-ray flux with windowless X-ray
diodes. Plasma and light calorimeters and silicon photodiodes were employed
for energy balance measurements. In addition, in the case of plane pinhole
targets, the incident and injected energies as well as the temporal distributions
were measured with light calorimeters and an optical streak camera in the energy
injection experiments.

3.

RESULTS AND DISCUSSION

The integrated laser energy injection efficiency T, as a function of laser
energy E, laser duration r, beam focal spot radius Ro and target hole radius R,
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FIG. 2. Instantaneous injection efficiency-

studied with different parameters, The results (for E = 100 J) can be
summarized approximately by

where E is in joules, R and Ro are in micrometres and r is in 0.1 ns [4], A
typical family of injection curves is shown in Fig. 1. The injection efficiency
is dominated mainly by the laser power density I deposited at the target inlet
edge. When I exceeded 1012 W/cm 2 , the plasma produced at the edge
expanded towards the hole and blocked the incident laser beam. Also, the
instantaneous injection efficiency T(t) was obtained by comparing and
normalizing the incident and injected laser waveforms and energies (see Fig. 2).
Assuming that the spatial distribution of the laser beam is Gaussian, we
express the function by
T ( t ) = 1 -exp((R-C t -t)/Ro) 2
where C t is the plasma expansion velocity. Then, C t can be derived from Fig. 2
and scaled as C t = 10 I0-3, where C t is in fim per 0.1 ns and I is in 1014 W/cm 2 .
The integrated X-ray spatial distributions emitted from the pinhole
targets were recorded and 0-like images with a bright spot in the middle were
observed. Figure 3 shows a typical X-ray density distribution scanned across
an image. The peak in the middle corresponds to the bright spot. It is easy
to find a possible explanation. If the edge of the hole is uniformly irradiated
by a laser beam with sufficient energy, the plasma expands inwards. When the
plasma reaches the centre of the hole, a part of the kinetic energy is converted
to interior energy, resulting in higher temperature and higher density. Therefore,
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more X-rays can be emitted from the denser plasma. However, more theoretical
work is needed to obtain a confirmation for the X-ray production mechanism.
Figure 4 shows low energy X-ray spectra, detected with the Dante spectrometer, for plane and hohlraum targets. The corresponding equivalent peak
temperatures are 115 eV and 98 eV. The spectral distribution is very similar
to a Planck distribution, but the two wings of each curve are slightly higher.
Temporal X-ray spectra recorded with windowless X-ray diodes are shown in
Fig. 5. The spectrum of the hohlraum target is somewhat longer than that
of the plane target, which implies a longer 'restrain' time and possibly a higher
X-ray conversion efficiency.
The energy balance measurements indicated that about 70% laser energy
was absorbed by the hohlraum target.
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Abstract
RESEARCH ON HEAVY ION DRIVERS FOR INERTIAL CONFINEMENT FUSION IN THE
UNITED STATES OF AMERICA.
The U.S. study of high-energy multi-gap accelerators for the production of large currents of
heavy ions for inertial confinement fusion is centered on the single-pass induction linac method. The
large technology base associated with multi-gap accelerators for high-energy physics gives confidence
that high efficiency, high repetition rate and good availability can be achieved, and that the path from
scientific demonstration to commercial realization can be a smooth one. In an induction linac driver,
multiple (parallel) ion beams are accelerated through a sequence of pulsed transformers. Crucial to the
design is the manipulation of electric fields to amplify the beam current during acceleration. A proof-ofprinciple induction linac experiment (MBE-4) is under way and has begun the first demonstration of
current amplification, control of the bunch ends, and acceleration of multiple beams. A recently completed experiment, called the Single Beam Transport Experiment, has shown that one can now count
on more freedom to design an alternating-gradient quadrupole focusing channel to transport much higher
ion beam currents than formerly believed possible. This result, together with the recent development
of efficient sources for multiply charged ions, has rekindled interest in exploring drivers with heavy ions
of charge state greater than unity. A recent study on Heavy Ion Fusion Systems Assessment (HIFSA)
has shown that a substantial cost saving results from the use of multiply charged ions and that a remarkably broad range of options exist for viable power plant designs. The cost of a driver at 3-4 MJ could
be US $200 per joule or less, and the cost of electricity could be in the range of 50-55 million US $
per kilowatt-hour. A next-generation experiment is needed to address the questions of high-power beam
transport by magnetic lenses and of focusing the ions on a spot of about 1-2 mm radius, in a stable,
reproducible way.

Work supported by the Office of Energy Research, Office of Program Analysis and
Office of Basic Energy Sciences, United States Department of Energy, under
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THE INDUCTION LINAC APPROACH
Inertial confinement fusion (ICF) requires very high power
irradiance, and energy deposited on the fusion target,which are nearly
independent of the driver type. For ions, the depth of deposition must
be small (typically ~ 0.1 gm/cm2 in a stopper material) to produce the
high fusion yields required for an economically attractive power
plant. The range condition can be met in principle by any ion species,
accelerated sufficiently to match the range-energy relation.as well as
by short wave-length (< 300nm) photons. For the heavy-ion driver
approach to ICF, two conventional but very high current accelerator
technologies are being explored. These are the rf linac/storage ring
system now studied in W.Germany, USSR and Oapan, and the
induction linac approach of the USA. For both accelerator types the
combined considerations of space charge limits and range in dense
matter lead to the use of heavy ions (A *» 200) of high kinetic
energy («* 10 GeV).
A typical set of final beam parameters suitable for a power
reactor [1] is given in Table I. It must be emphasized that cost
tradeoffs among the many components of a complete power plant
allow a broad range of system parameters (such as repetition rate) to
be considered with minor effect on the final cost of electricity.
An induction linac driver is now envisioned as a multiple beamlet
transport lattice consisting of N closely packed parallel channels.
Surrounding the lattice are massive induction cores of ferromagnetic
material and associated pulser circuitry which apply a succession of
long-duration, high-voltage pulses to the N parallel beamlets. A
multiple beam source of heavy ions operates at 2-3 MV, producing the
net charge per pulse required to achieve the desired pellet gain.
Initial current (and therefore initial pulse length) are determined by
transport limits in the lattice at low energy. The use of a large
number of electrostatic quadrupole channels (N ~ 16 - 64) appears
to be the least expensive option at low energies (below ~ 50 MV). This
is followed by a lower number of superconducting magnetic channels
(N ~ 4-16) for the rest of the accelerator. Combining of beams may
therefore be required at this transition. Furthermore, some splitting
of beams may be required after acceleration to stay within current
limits in the final focus system.
The rationale for the use of multiple beams is that it increases
the net charge which can be accelerated by a given cross-section of
core at a fixed accelerating gradient. Alternatively, a given amount
of charge can be accelerated more rapidly with multiple beams since
the pulse length is shortened and a core cross-section of specified
volt-seconds per meter flux swing can supply an increased gradient.
However, an increase in the number of beamlets increases the cost and
dimensions of the transport lattice and also increases the cost of the
core for given volt-sec product since a larger core volume is required.
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TABLE I. EXAMPLE DRIVER PARAMETERS
Pulse Energy

5.0 MJ

Particle Energy

lOGeV

Particle Type

B* (A = 209)

Pulse Power

250 TW

Pulse Length

20 ns

Rep. Rate per Reactor

5 Hz

Number of Beams per Reactor
Net Pulse Charge
Emittance (unnormalized)

20
500 yC
3xl0" 5 m-r

Momentum Width

± 1%

Spot Radius

4 mm

For a core of given cross-section (a volt-seconds/m), the volume of
ferromagnetic material increases as its inside diameter is increased.
Hence there is a tradeoff between transport and acceleration costs,
with an optimum at some finite number of beamlets. The
determination of this optimum configuration is a complex problem,
depending on projected costs of magnets, cores, insulators, energy
storage, pulsers and fabrication. The induction linac design code
LIACEP [2] is used for this purpose.
The choice of superconducting magnets for the bulk of the linac
is mandated by the requirement of system efficiency; this must be at
least ~ 10% in an ICF driver and ideally > 20% to avoid large
circulating power fractions, which result in a high cost of electricity
(COE). Induction cores are most likely to be constructed from thin
laminations of amorphous iron, which is the preferred material,due to
its excellent electrical characteristics and flux swing. At a projected
cost of ~ A $/lb (insulated and wound) this is a major cost item for the
first 2-4 GV of a typical linac. At higher voltage the cost of pulsers
and fabrication of the high gradient column with insulators dominate.
THE MULTIPLE BEAM EXPERIMENT, MBE-4
MBE-4 is a four-beam induction linac under construction and
preliminary operation at LBL that models much of the accelerator
physics of the electrostatically focused section of a considerably
longer induction accelerator [3]: Four parallel Cs+ beams extracted
from thermionic alumino-silicate sources in a 2.5 \xs pulse and injected
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into the linac at 20D keV. Acceleration to approximately one MeV will
be achieved when the experiment is complete in the summer of 1987.
The current in each of the four beams will increase from 10 to 40 mA
during acceleration, due to both increase in beam speed and shortening
of the bunch length. As a percentage of beam energy, the
acceleration voltages in MBE-4 are much larger than will be used in a
driver. Therefore, the consequences of errors in acceleration voltages
will be more apparent and more easily assessed. Four beams are used
to investigate potential effects caused by beam-beam coupling and to
get practical experience in difficulties associated with accelerating
and transversely controlling parallel beams. In examining the scaling
with injection energy and with quadrupole size, we have been careful
to preserve space charge domination of the beams both transversely
and longitudinally. Measured in terms of initial bunch lengths, MBE-4
is comparable in length to the electrostatically focused portion of a
driver.
The voltage waveforms on the first accelerator gaps are nearly
triangular so as to impart an axial velocity shear or tilt to the beam by
accelerating the tail of the beam more than the head. After the tail
of the beam has entered the accelerator, the head of the beam can be
accelerated as well and the waveforms on the downstream gaps can be
essentially flat [A].
To
date, MBE-4
has
accelerated
four
parallel
space-charge-dominated cesium ion beams from 0.2 MV to .54 MV,
with current amplification of approximately 2.7. The experiments are
in excellent agreement with our theoretical acceleration model. The
acceleration schedule is one in which the current waveforms grow in
amplitude and decrease in pulse duration in a self-similar or
self-replicating way with acceleration distance. Aside from small
fluctuations, generated by 2-3% errors in the acceleration waveforms,
the experimental current waveforms are self-replicating. The
acceleration errors are mostly corrected by "trim" pulsers located at
every fourth accelerating gap. These are also used to control space
charge spreading of the bunch ends. At large currents, rapid current
fluctuations are damped by space charge repulsion.
Experiments have demonstrated only a very weak transverse
electrostatic repulsive interaction among the beams in the source
area, which is easily corrected.

SINGLE BEAM TRANSPORT EXPERIMENT
A recently completed experiment, called the Single Beam
Transport Experiment (SBTE) [5], has shown that we now can have the
freedom to design an alternating-gradient quadrupole focussing
channel to transport ion-beam currents much higher than formerly
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believed possible. SBTE employs a ID mA, 120 keV Cs+ beam
transported by 87 electrostatic quadrupoles. In the presence of space
charge, the transverse betatron oscillation frequency of a particle, u,
is lower than the value for little or no space-charge, &>0, and is given
approximately by the expression
2
2
2
w = w - <«>/2
where <jp is the beam plasma frequency. Instabilities have previously
been predicted in certain ranges in (to,«oo) space and could result in
loss of beam current or damage to the optical quality. The SBTE has
established that there is significantly more latitude to choose the
focussing parameters, u> and u 0 , than was previously suspected; in
particular, values of M/UQ as low as D.I can give stable transport. A
beam with this low a value is "space-charge dominated", and the
Debye length is very much less than the beam radius. These results
from SBTE have rekindled interest in exploring drivers with heavy ions
of charge state, q, greater than unity, which, in general, will require
operation at lower values of «/<oo.

HEAVY ION FUSION SYSTEMS ASSESSMENT STUDY
The Heavy Ion Fusion Systems Assessment (HIFSA) study [6] was
conducted during 1984-86 with the specific objective of evaluating the
prospects of using induction linac drivers to generate economical
electrical power from inertial confinement fusion. Principal
contributors were LBL, L.LNL, LANL, McDonald-Douglas Astronautics
Co., U. of Wisconsin, the U.S. Department of Energy and EPRI. The
study used algorithmic models of representative components of a
fusion system to identify favored areas in the multidimensional
parameter space. The resulting cost-of-electricity projections are
comparable to those from other (magnetic) fusion scenarios, at a plant
size of 1000 MWe. These results hold over a large area of parameter
space, but depend especially on making large savings in the cost of the
accelerator by using ions with charge-to-mass ratio about three times
higher than has been usually assumed. The feasibility of actually
realizing such savings has been shown: (1) by experiments showing
better than previously assumed transport stability for space charge
dominated beams, and (2) by theoretical predictions that the final
transport to the target pellet in the expected environment of a reactor
chamber may be sufficiently resistant to streaming instabilities.
Neutralization in the chamber is required for the higher current pulses
that result from the use of the higher charge-to-mass ratio beams.
The HIFSA study was organized to deal with the specific premise
that fusion in general, and the HIF approach to ICF in particular,
appears to be so costly and requires scaling to such large power plants
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that it has not been possible to design a program that would be
attractive to the electric utility industry. The objective of the study
was to perform an assessment of heavy ion inertial fusion systems
based on induction accelerators, including representative reactor
systems, beam focusing and final transport, target design, and system
integration. Emphasis was given to systems for electric power
production and to design innovations and parameter ranges which offer
credible promise of reducing system size and cost. Effort
concentrated on system and subsystem conceptual design and analysis,
including cost/performance models for studying and exhibiting major
system parameter variations. Identification of needed R&D was
included.
Two important computational tools were developed for the
study: The linac optimization program LIACEP was extensively
rewritten, and the system program ICCOMO was written to permit
examination of large areas of commercial plant parameter space to
find local optima.
Probably the most important technical results of the study came
from reexamining previously suggested cost-saving ideas [7], These
ideas, modified by newer experimental results, make it possible to
envision very significant cost reductions by (especially) using higher
charge-to-mass ratios. Most of the study was done for q = + 3,
A = 130.
Some important conclusions are:
(1)
(2)
(3)
(4)
(5)

COE is insensitive to repetition rate in the optimum range
3-9 pps.
Symmetric targets, which may use the beam energy more
efficiently, do not result in lower COE because of the increased
cost of the transport system.
High gain targets (G > 100) are only of moderate utility since
they increase the cost of the reactor vessel and their effect can
be partly realized by higher rep. rate.
Major reductions in the cost of induction linacs result from using
higher charge-to-mass ratios and multiple beams.
With the higher charge-to-mass ratios it is certainly necessary to
invoke neutralization during final transport. Work by Stroud [8]
gives confidence that streaming instabilities will not destroy the
emittance during transport through the target chamber.
ILSE:

A PROPOSED INDUCTION LINAC SYSTEMS
EXPERIMENT

Experiments to date, outlined above, lend confidence that
several of the conditions and manipulations required in a fusion driver
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FIG. 1. Schematic of a fixture induction linac systems experiment.

can be accomplished. Nonetheless, several other manipulations remain
to be studied experimentally and will require ions of higher velocity.
Thus we are proposing an experiment to study the physics of
acceleration, combining and focusing ion beams at a level of current
and power considerably exceeding that
of MBE-4. In the preliminary
design, 16 parallel beams of ions (C + , Al + , or Al ++ ) produced from a
2 MV injector [9] will be accelerated to several MV and combined
transversely. The four resulting beams are then further accelerated to
~ 10 MV and the growth in transverse and longitudinal emittance is
determined for comparison with theory. The apparatus will then be
used to study the problems associated with focusing ion beams to a
small spot. ILSE is designed to address the following physics and
engineering objectives:
(1)
(2)
(3)
(4)
(5)

Examine the physics of transversely combining space-chargedominated ion beams.
Explore the transition from an electrostatic to a magnetic beam
transport system.
Examine the physics of bending ion beams with intense space
charge and with time dependent energy.
Study the physics of drift-compression current amplification.
Explore the focusing of intense ion beams to a 1-2 millimeter
spot.

In addition, ILSE will advance the technology of heavy ion
multiple-beam induction linacs much closer to that needed for a
driver. Magnetic focusing elements are used after the point where
beams are combined to the final focal spot. These desired features
motivate the choice of 10 MV of acceleration and a relatively light
ion, which simulate a heavier ion at higher kinetic energy. A block
diagram of a conceptual design for ILSE is presented in Fig. 1.
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Abstract
MICROWAVE SIMULATION OF LASER-PLASMA INTERACTIONS.
The paper presents a detailed comparison between experiment and computer simulation of the
nonlinear saturation of ion acoustic waves produced by the optical mixing of two intense electromagnetic
waves. For ne/n,, < 0.2, the saturation is found both in experiment and in simulation to be due
primarily to ion tail heating. For n ^ = 0.3-0.5, the first quantitative direct measurements of pump
depletion reveal that it is as important as ion tail heating in determining saturation.

1. INTRODUCTION
We have employed microwave scale experiments to study laser-plasma
interactions1"3 in plasmas where diagnostics with the required time and spatial resolution are available. Herein, saturation of the stimulated Brillouin
scattering (SBS) instability has been studied by exciting the ion waves by
the optical mixing of two electromagnetic waves when the frequency and
wavenumber differences (coemi — coem2 = Aco, k ^ i - k g ^ = Ak) satisfy the
plasma dispersion relation ep(Aco,Ak) = o^2>4>5^. In addition to interest in
this process from both an ICF as well as a basic plasma physics point of
view, there have also been proposals to employ optical mixing for a variety
of applications, including plasma diagnostics, beat-wave heating, tokamak
current drive and charged particle acceleration ^ .
The experimental results have been compared to a variety of theoretical and numerical models. At sufficiently low power that nonlinear saturation processes are not important, the results are well described by the solution of the coupled two-fluid Maxwell equations when both collisional and
kinetic damping are accounted for^. For higher incident powers, two
approaches have been employed. The first is to employ a 1-D particle ion
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and fluid electron code where actual experimental effects including ion neutral collisions are incorporated. In this approach the electron density is
given by n e = n ^ exp —^- + a

where a is the ponderomotive potential.

Currently, a is taken to be constant so that pump depletion effects which
become important for ng/nc> 0.2 are neglected. The second numerical code
employs a semi-empirical approach which utilizes energy balance to account
for ion tail formation at the resonant phase velocity. This solves for the
spatial ion and electromagnetic wave distributions in the time asymptotic
steady-state and is an extension of the work reported by Heikkinen et al.^.
The coupled Vlasov-Maxwell equations are solved, with ion wave harmonic
generation, collisions, and tail formation included, together with variations in
the electromagnetic pump strengths (i.e. pump depletion).

2. EXPERIMENTAL ARRANGEMENT
Two electromagnetic waves (cOj/271, v^Hn = 3.3 GHz) with parallel
polarization propagate antiparallel to each other along the axis of a fieldfree helium plasma (2m length, 75 cm diameter, T e = 3-4 eV, rYeITi =20)
.dn
e
with —
and —
—
> 10m. A collective millimeter wave
ne dz
[Te dz
Thomson scattering system permits fluctuations as small as 3xlO6 cm 3 to
be observed (n/ne = 10"4) during the high power microwave pulses.

3. EXPERIMENTAL RESULTS
As shown in Fig. 1, both Langmuir probe and millimeter wave scattering measurements indicate that the ion wave amplitude saturates at = 5-6%
for an 0.15 nc density plasma, even for power levels considerably higher
than employed in Ref. [2]. This level is significantly below that predicted
from simple linear damping. The density dependence of the saturated amplitude was also investigated and, as shown in the inset to Fig. 1, the amplitude was found to decrease dramatically as the density approaches 0.5 nc.
For both of the above cases the theoretical curves will be discussed later.
Faced with the above saturation observations, our approach has been to
examine as many of the candidates as possible and to thereby identify the
primary saturation process(es). The first is simply inverse Bremsstrahlung
absorption of the incident microwaves due to the neutral background, caus-

139

IAEA-CN-47/B-III-4

SIMPLE
LINEAR
PREDICTION

V

SPATIAL
CODE
.PREDICTION

--•— _

S
•

5
4

•S* 3
K
2

SIMULATION

QA EXPERIMENTS
o

1

2 FLUID CODE
0.2

(NO TAIL)
i

20

o 5

40

i

i

60
(P., P 2 )

80
%

100

0.3
n

0.4

"/nc

120

(kW)

FIG. I. Dependence of ion wave fundamental on microwave power. The circles are from scattering,
the triangles from probes, the crosses from 1-D simulations; the - • - curve is from computer calculations using linear damping and the
curve includes ion tail formation.
Inset: Dependence of ion wave amplitude on plasma density as determined from scattering data at the
center of the experimental chamber (7 m from the highest frequency horn) for PHF = 100 kW,
Pjj. = 70 kW. The solid curve is the computer prediction, including ion tail formation and harmonic
generation.

ing an increase in T e and therefore a decrease in vo/vte = eE/mcovte. However, we have investigated this effect previously^1'3} and find that at low
densities (< 0.1 nc) it is negligible. Even for ne/nc = 0.5 the maximum
change is only from 0.23 to 0.16, which is not sufficient to explain the
observed ion wave amplitude. The primary effect is to change the resonant
ion wave frequency. However, we have partially compensated for this shift
by employing the final resonance value for the microwave difference frequency. An additional effect of inverse Bremsstrahlung is to suppress harmonic generation because the change in the driven frequency increases with
the harmonic number.
A second possible saturation mechanism involves ion acoustic wave
harmonic generation P\ Here, the optical mixing generated ion wave nonlinearly generates a harmonic as it grows in amplitude. The harmonics do
not couple to the electromagnetic waves and therefore represent a loss
mechanism to the driven fundamental. Experimentally, we have observed
harmonic generation both with Langmuir probes and scattering, with sample
scattering signal data displayed in Figs 2(a) and 2(b). Here, Gs = 4°(8°)
corresponds to scattering from the fundamental (harmonic). The harmonic
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FIG. 2. (a) and (b) Time history of scattering signals for (P,PJ* = 14 kW and Af = 174 kHz (a)
and {Pf^
= 100 kW and Af = 210 kHz (b), where njnc = 0.15. The effect of inverse Bremsstrahlung absorption is obvious in (b), as the ion wave frequency is near 170 kHz at the beginning of
the rf pulse but close to 210 kHz at the end of the rf pulse.
(c) Dependence of fl2ffii on incident microwave power (computer predictions). The solid curves
contain only the second harmonic term and the dashed curves contain both the second and third
harmonic terms. Circles and triangles are data points.

content at 6S = 8° is obvious. The reason for the overlap (i.e. detecting
some fundamental at 8S = 8°) is due to the fact that the angular distribution
of scattered radiation is given by a Gaussian. Although harmonic generation
is observed, we find that it does not explain the observed saturation.
Specifically, as shown in Fig. 2(c), we find that as the input level is
increased, the second harmonic also saturates., therefore eliminating it as a
sole mechanism for clamping the fundamental. Additionally, the third harmonic amplitude is comparable to the experimental noise level and does not
increase in level, eliminating the possibility of increased higher harmonics.
However, we find that the inclusion of harmonic generation in our theoretical calculations permits a more detailed quantitative comparison between
theory and experiment. Similar behaviour is observed in the 1-D simulations with both the fundamental and second harmonic saturating, as shown
in Fig. 3. As in experiments,the ratio ffj/nj is observed to become constant
although the value is at the extreme limit of the experimental observations
(see Fig. 4).
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Amplitude dependent frequency shifts due to ion trapping^7! or the
fluid dispersive terms (Korteweg-de Vries equation)^1 have also been proposed as saturation mechanisms. However, we do not observe this.
Specifically, the observed change in ion wave frequency is completely
explained by the change in Te due to inverse Bremsstrahlung absorption.
Another saturation mechanism is profile modification &\ However, measurements have shown that the modifications are completely negligible.
The remaining saturation mechanism at low densitites (ne/nc < 0.2) is
ion tail formation. Here it should be noted that for our experimental parameters the ion tail can be formed by the trapping of the ion wave only if the
finite harmonic content of the ion waves is included. The harmonic content
steepens the wavefronts, causing an increase in the wave electric field at the
steepened front. Such a tail formation is observed both in the simulations
and the experiment. In the experiment we have performed both scattering
and high resolution microchannel plate ion energy analyzer measurements to
determine the ion tail density. The ion tail density was determined from the
scattering data in the following way. First, it was found that the angular
distribution of the scattered radiation broadens with increasing power, as
illustrated in the inset to Fig. 5 for the case of an 0.15 nc plasma, where the
solid curves are Gaussian fits to the scattering data which have been normalized at the same peak value to explicitly show the broadening. After
unfolding the known (i.e. measured) instrument function, the dependence of
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the width of the wavenumber distribution on microwave power is obtained.
If one then assumes that the width is related to the wave damping (i.e. Im
k), the dependence of the damping on input power is thereby obtained.
Using the above inferred value for the total damping and subtracting
out the linear damping, one obtains the nonlinear damping from which one
can infer the tail density. This inferred value is shown in Fig. 5 together
with the measured ion tail density obtained by energy analyzer and the
measured ion wave amplitude. Here the dashed and solid curves are the
predictions of the computer model described earlier; the agreement is seen
to be quite good. For densities ne/nc < 0.2, we therefore find that ion tail
heating provides the saturation mechanism which results in the observed =
5-6% ion wave amplitude. In addition, the formation of an ion tail strongly
inhibits harmonic growth since the Landau damping contribution from the
tail is proportional to co.
Referring back to Fig. 1 we see that the predicted ion wave amplitude
from the 1-D simulations does not exhibit a strong clamping as observed
experimentally but rather continues to slowly increase with increasing
power. This may be due to the way in which particle collisions were
treated; in the simulations, all particles were assumed to experience the same
collision frequency. However, preliminary investigations seem to indicate
that the trend is in the wrong direction to explain the discrepancy.
The decrease in ion wave amplitude with increasing plasma density
(see Fig. 1 inset) cannot be explained simply by ion tail formation. Here
one must also account for pump depletion due to the change in action of the
pumps (see Refs [4 and 5]). Including this in our computer calculations
results in the solid curve shown in the Fig. 1 inset which is in good agreement with the experimental observations. A further check on this conten-
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FIG. 5. Dependence of ion tail density and ion wave fundamental on incident microwave power. The
open and solid circles are from scattering, triangles are from the energy analyzer and curves are from
the computer.
Inset: Normalized dependence of scattered power on scattering angle for various power levels. Each
curve is a Gaussian fitted to the data; the harmonics have been removed by filtering. The instrument
function has not been removed from these curves.

tion is found by calculating the theoretically predicted decrease in the high
frequency pump amplitude in one transit of the chamber and comparing it
to the measured transmission, where good agreement is obtained after
correcting for the effective portion of the em waves actually involved in the
mixing process.

4. SUMMARY
We have observed the nonlinear saturation of ion acoustic waves
driven by optical mixing. At low densities (ne/nc < 0.25) the dominant
saturation mechanism is ion tail formation, while at higher densities
(ne/nc = 0.3-0.5) pump depletion also plays a major role. Good agreement
was obtained between experiment and 1-D simulations for ne/nc = 0.1. Ion
wave harmonic generation is observed but found not to be a primary saturation mechanism, in contrast to some previously reported CO 2 laser experiments. It is of further interest to note that our low density optical mixing
saturation results were in complete agreement with our previous microwave
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SBS studies'3^ lending further strength to our contention that the optical
mixing results provide insight into SBS saturation.
Current work is focussed on the use of optical mixing to study the
saturation of both forward and backward stimulated Raman scattering.
Related work focusses on ExB acceleration of electrons at the critical layer
of a plasma, with a DC magnetic field applied transverse to the density gradient and electric field of the P-polarized microwave beam.
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Abstract
PROGRESS IN INERTIAL CONFINEMENT RESEARCH AT KMS FUSION, INC.
KMS Fusion (KMSF) is active in the areas of ICF target development and fabrication, theoretical
laser-plasma interaction physics, computational physics and high power laser experiments on spherical
and planar targets. KMSF has developed fabrication techniques to produce high quality polyvinyl
alcohol (PVA) targets for high compression experiments, which are used primarily with D2 fuel.
KMSF also develops other polymers which can resist degradation from the tritium decay and have
promise for holding DT gas for an extended period. A cryogenic target apparatus, similar to the one
in use at KMSF, has been built and delivered to the University of Rochester to enable them to conduct
cryogenic target experiments. Unique experiments on the hydrodynamic behavior of planar exploding
foil targets have been performed. Four two-dimensional images of the expanding plasma can be made
in the course of a single experiment with a multi-frame holographic interferometer. Major experiments
were conducted in 1985-86 to study the physics of preheat control in cryogenic fuel implosions. For
more than ten years, KMSF has been developing the techniques for producing implosions with preheat
levels in the 1-3 eV range. This requires short wavelength laser light, shaped laser pulses, uniform
spherical illumination, polymer shells with cryogenic fuel layers, and X-ray backlighting to record the
implosion history. Compressed fuel densities approaching 40 g/cm 3 have been achieved with less than
200 J of laser light.

LOW PREHEAT IMPLOSION EXPERIMENTS
In 1976, KMSF began to experiment with implosions driven
with frequency doubled 1.06 pm laser light, polymer fuel capsules, and cryogenic fuel configurations. Several series of
experiments during the ten years perfected each of these
ingredients independently. In 1982 we demonstrated an initial
success in combining all these features.
The purpose of the experiment series was to demonstrate
improved fuel compression by carefully controlling the temperature the fuel was brought to prior to performing PdV work. It
is energetically advantageous to keep the fuel near its Fermi
Report prepared for the United States Department of Energy under Contract
No. DE-AC-08-82DP40152.
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FIG. 1. Uniform spherical illumination is achieved from two laser beams with a double bounce
configuration. Each 18.6 cm laser beam passes through anf/1.39 lens and into a two-mirror system.
A reflection from each surface puts the marginal ray at an angle of70° to the axis of rotation. A slight
(about 20 urn) shift of the focal point behind the target's center provides uniform coverage. All
diagnostic instruments and target handling access is through the 5 cm annular gap between the two
mirrors.

degenerate temperature. Preheat energy can be deposited in the
fuel by three mechanisms: shock, electron deposition, and, to a
lesser extent, radiative processes. It is also advantageous to
start with as high a fuel density as possible, which is accomplished by forming a thin frozen layer on the inside of the
shell. The integrity of this layer is maintained only if it
can be kept relatively cool and free of excessive preheat.
Numerical simulations and analytic model calculations show that
a 1 to 3 eV temperature is sufficient to achieve compressed
fuel densities several hundred times that of liquid DT with
only a few hundred joules of laser light.
Uniform spherical illumination was achieved with a new set
of ellipsoidal mirrors designed to be more resistant to damage
than the previous TBIS system. This new system uses a doublebounce (OBIS) configuration from the mirrors in conjunction
with aspheric focussing lenses. Figure 1 shows the trajectory
of the marginal ray through the system. Careful positioning of
the two mirrors and lenses relative to the target position
allow the marginal rays to slightly overlap thus providing
uniform illumination over the whole of the target's surface.
DBIS increases the first bounce area on the mirror, relative to
that of the TBIS, so that the energy density is less. In
addition, AR coatings were optimized for 527 nm rather than the
dual wavelength coatings chosen for TBIS. Care was taken to
minimize the debris from the target and support stalk
reaching the mirror surfaces.
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FIG. 2. A measure of the illumination uniformity is provided by the symmetry of the ablated plasma.
Multi-frame holographic interferometry produces fringe patterns whose circularity and concentricity
show adequate uniformity. Numerical (Abel) inversion of the fringe pattern at different azimuthal
positions (12:00, 1:30, and 3:00) show similar density profiles.

The large solid angle occupied by the DBIS mirrors
severely restricts the diagnostic instrument access to the
target. All instruments and target handling equipment must
pass through the annular gap between the two mirrors. The
cryogenic target positioner, cryogenic shroud, heating laser,
and characterization interferometer take up a significant fraction of the gap. The X-ray backlighter diagnostic consists of
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FIG. 3. A bright, laser generated source of aluminum X-ray lines is produced behind the imploding
target. Temporally resolved transmission of the X-rays is recorded in one dimension by a pinhole/ streak
camera combination. Transmission through the core ceases at an interface radius of about 20 \im. The
implosion time is about 720 ps for a shaped laser pulse.
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FIG. 4. Densitometer scans across the picture at several times provide the X-ray transmission as a
function of radial position. Transmission through the core ceases at a radius of about 20 /im. The
trajectory of the outer surface of the compressed core can be followed into stagnation, which occurs
at a radius of about 11 fim. Comparison of detailed numerical simulations (dashed lines) show excellent
agreement with the experimental profiles (solid lines).
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the backlighter target and positioner, alignment telescope, and
X-ray streak camera. Other instruments competing for position
include pinhole cameras, holographic interferometer, and plasma
calorimeters.
A measure of the uniformity of illumination is provided by
the two-dimensional reconstructed image from the holographic
interferometer. Each frame, made with a 20 ps exposure, is
digitized and mathematically (Abel) inverted to provide a
radial plasma density profile. Figure 2 shows one such frame
and three radial plasma profiles.
One of the key ingredients for a low preheat implosion is
the control of the shock wave generated by the laser pulse
interacting with the target. A laser pulse shaped in time,
roughly as t , accomplishes this. The other major source of
preheat is from hot electron production which is minimized by
the use of 527 nm light. Approximately 160 to 180 joules of
light was incident on the target.
Low atomic number shells are preferred for these low preheat implosions, primarily for the compatibility with the Y-ray
backlighter diagnostic. Target capsules had a nominal 120 pm
o.d. and a wall thickness ranging from 3 to 8 ym. The cryogenic fuel was formed by the fast re-freeze technique resulting
in a solid fuel layer 1 to 2 pm thick. The uniformity and
quality of this layer was verified interferometrically prior to
each shot.
The primary implosion diagnostic is an Y-ray radiograph of
the imploding shell as recorded by a streak camera. Because
the unablated shell is of low atomic number material and
relatively cold, there is little y-ray self-emission. An
aluminum V-ray source placed adjacent to the target emits line
radiation when illuminated by a third laser beam. X-rays from
this target are absorbed by the inward moving portion of the
shell, providing an image such as is shown in figure 3.
Interpretation of the history of the implosion depends
upon a careful analysis of these images. Densitometer scans,
as a function of position, for several times during the course
of the implosion follow the position of the fuel-pusher interface until the Y-ray absorptivity causes the core region to
become opaque. The position of the outer portion of the compressed material can be followed to the culmination of the
implosion. Comparison of these experimental profiles to those
generated by the numerical simulation code show excellent
agreement, as is seen in figure 4. From this data (as well as
other experimental quantities) the compressed fuel density can
be inferred. A conservative value of 35 to 40 g/cnr has been
achieved.
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FIG. 5. Time integrated X-ray pinhole images occasionally show emission from the core location. A
statistical analysis of these occurrences shows a higher incidence for targets with larger shell aspect
ratios. These data may be the first direct evidence of a hydrodynamic instability in imploding
ICF targets.

Not all experiments ended with a uniformly compressed
core. Some shots showed significant X-ray self-emission from
the core region in the time-integrated pinhole picture. A
statistical analysis of the occurrence of this feature as a
function of the shell's initial aspect ratio is shown in
figure 5. No information was obtained as to the mechanism
responsible for this "shell breakup"; however, it is tempting
to speculate the Rayleigh-Taylor instability may be involved.
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During 1987 we will extend these measurements on low preheat implosions using cryogenic fuel and shaped laser pulses.
A brighter, higher energy (titanium target) backlighter source
will be used in conjunction with higher resolution imaging
devices, and possibly including a two-dimensional X-ray framing
camera.
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Abstract
PROGRESS IN INERTIAL CONFINEMENT FUSION PHYSICS AND COMPUTIONAL
CAPABILITIES AT DENIM.
The contribution to inertial confinement fusion (ICF) at the Institute of Nuclear Fusion
(DEN IM) of the Polytechnical University of Madrid has centred on the target physics area to
improve the description of the different processes involved. Moreover, target-blanket coupling
and new methodologies for materials activation and damage have been developed. The energy
deposition by laser or ion beams in the plasma, radiation transport, atomic physics, charged
particles, suprathermal and thermal electron transport were the main topics. Laser-plasma
interaction is studied with two-dimensional ray tracing that takes into account absorption and
scattering, and the source of suprathermal electrons from resonance absorption and Raman
scattering is computed. Particle-in-cell simulations have been added to the present capabilities
at DENIM and some results on stimulated Raman scattering and microinstabilities in ion beamplasma interaction have been obtained. The tabular DENIM Atomic Library has been generated using newly developed atomic physics computational capabilities on the basis of average
atom models with different quantum treatments and a steady-state non-local thermodynamic
equilibrium (NLTE) model. The effect of the transport of knock-on deuterons and tritons
by neutron scattering has been incorporated recently. Furthermore, a detailed calculation of
the isotopic evolution by neutron reactions, for hydrogen and lithium isotopes, has been
combined with knock-on transport procedures for calculating the suprathermal fusion along
the ion relaxation path. Some results are presented on target analysis, considering laser or
ion beams with different pulse tailoring. Numerical simulations have been performed to study
the influence of aspect ratios and masses on the efficiency of the implosion and burnup of
ICF targets.

1.

SIMULATION MODELS

Inertial confinement fusion (ICF) physics and computational developments
at DENIM are either closely related to or have been incorporated in the NORCLA
code for the one-dimensional simulation of plane and spherical ICF targets.
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FIG. 1. Simulation models for hydrodynamics in ICF plasmas at DENIM.

Figures 1 and 2 show the improved simulation models included in the NORMA
code [1,2].
The NORMA segment can compute the linear stopping of external ion beams
using analytical stopping powers along radial tracks, with space dependent densities
and temperatures at selected time steps.
The laser-plasma interaction is considered at two simulation levels: ray
tracing coupled to hydrodynamics and particle-in-cell (PIC) simulation. The
ray tracing algorithm has proved to be flexible, cheap in computer time and
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FIG. 2. Simulation models for particle transport in ICF plasmas at DENIM.

easy to implement; it includes current corrections for non-Maxwellian electron
distributions, approximate factors for stimulated Brillouin scattering (SBS) and
stimulated Raman scattering (SRS), and radiation pressure projection in the
radial direction. The PIC WAVE code [3] was used for more detailed simulations of laser interaction. In particular, the growth and saturation of SRS was
simulated [1,4] and its importance as a mechanism in hot electron production
shown (Fig. 3). Also, the WAVE code was used for simulating a neutralized beam
impinging on a uniform plasma slab [1, 5].
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FIG
G. 3. Distribution function of the overall simulation box at t = 1015/W0, £gradie] •188c/W0,
T = 1.5 keV, I = 10i6 W/cm2. Two hot electron temperatures can be clearly seen.

The NORMA hydro solver has been extended to a fully implicit solution
of the energy equations for three temperatures (electrons, ions and radiation).
Radiation diffusion can be treated in a Grey approximation, with Rosseland
mean opacities. The multigroup radiation diffusion set of subroutines has been
completed recently in a quasi-implicit coupling with the energy equations, and
benchmarks are being completed [1,2, 6].
Atomic data (equation of state (EOS), ionization, conductivities and
opacities) are available from the DENIM Atomic Tables which have been largely
generated using a new family of atomic codes [ 1, 7-9]. The PANDORA code
uses the screened hydrogenic average atom model, while the ADELA code
solves the Dirac self-consistent Hartree-Fock-Slater (HFS) average atom.
The GEMINIS code computes the opacities.
A Thomas-Fermi code computes tabulated EOS and ionizations for elements
in any T-p grid. This model provides also the mean ionization and the average
ionization potential for partially ionized atoms in plasmas with any degeneracy;
these data are used to calculate ion stopping powers in the bound and free
electrons of partially ionized plasmas. The model has been extended to calculations of the linear dielectric function in plasmas with any degree of ionization
and degeneracy.
The time dependent Fokker-Planck transport equation for charged particles
is solved by an original advanced finite-element method [9]. Numerical benchmarks have shown that the method is very efficient, i.e. its accuracy with ten
energy intervals is equal to or better than its accuracy with 40-50 intervals in
the diamond scheme in energy or with about 100 intervals in the multigroup
method. This advantage is kept for all charged particle transport problems
where the first-order differential terms in energy (continuous slowing down and
E-field forces) are dominant. This is the case for ICF applications, including

IAEA-CN-47/B-IH-6

157

external ion beams (light or heavy ions), alpha particles, knock-on ions and
suprathermal electrons [10].
The transport of external light or heavy ion beams, with any given spread
in velocity and angle of incidence (because of the finite beam radius) and time
pulse shape, is calculated with the Finite Element Method (FEM) solution in
space/energy/angle of the Fokker-Planck transport equation on a moving
Lagrangian mesh coupled to the hydrodynamics.
The transport of alphas born by fusion D-T reactions, with the emission
spectrum and source intensity in terms of the space/time dependent ion
temperatures and densities, is calculated with the FEM solution in space/energy
(with S N in angle) of the transport equation, including the Fokker-Planck
collision terms (stopping powers and deflection) and the Boltzmann terms for
large-angle encounters [10].
The transport of knock-on deuterons and tritons by neutron scattering has
been recently implemented and combined with the neutron transport calculation
[1, 2], The kinematic laws for elastic and inelastic neutron scattering provide
the energy angle dependent source of the recoil nuclei, which are transported
by the same procedure as the alpha particles. The CLARA code is being extended
to include simultaneous transport of neutrons, alphas and knock-on ions, and
calculates not only the energy deposition and momentum transfer but also the
transport of mass (thermal ions) and the isotopic evolution by neutron reactions.
The detailed calculation of the isotopic evolution by neutron reactions, for
hydrogen and lithium isotopes, has been completed recently and is being coupled
with the knock-on transport procedures for calculating the suprathermal fusions
along the ion relaxation path [11].
2.

ANALYSIS OF DIRECTLY DRIVEN TARGETS

Computer simulations have been carried out on heavy and light ion targets
and on directly driven laser targets. The main purpose of these parametrical
studies was to obtain a better understanding of the influence of pulse shape,
masses and aspect ratio on high gain performance. The published studies
[1,2, 10, 12-15] related to this subject present more details about the characteristics of the energy deposition, implosion and burnup phases, and show the range
of variation of driver energy for efficient power production. A summary of the
results for light and heavy ions is presented below. The results for laser driven
targets are considered to be of a preliminary nature.
Some other related work has been performed in order to characterize a
target with a well defined burnup parameter which permits a simple coupling
of the neutronic response of the ICF blanket with the spectra of neutrons leaking
from the target [ 16]. New simulation models and related work have been
developed in order to take into account the activation of fusion materials [17],
and a tentative scheme of materials damage has been proposed recently [18].
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2.1. Light ion beam targets

Our goal is to find optimized requirements for achieving a significant
energy gain. Two targets with different aspect ratios (low, high) and masses
have been considered [2, 15]. We have considered an external tamper of lead
(96; 96 mg) to minimize radiation leakage; an absorber of aluminium (99; 113 mg)
to stop the ions; an internal tamper of lead (6; 19 mg) to avoid radiation preheating
of the fuel; a thin shell of aluminium (0.5; 0.6 mg) to mitigate the Rayleigh-Taylor
instability; and a layer of cryogenic deuterium-tritium (2; 2 mg).
The ion beam pulse has a maximum power of 400 TW, FWHM = 14 ns,
centred at 15 ns, with a total energy of 5 MJ. The proton energy (with a 10%
energy spread), the radius of the beam and the intensity are:
- Target 1: 6 MeV, 0.3 cm, 200 TW-cm"2
- Target 2: 4 MeV, 0.4 cm, 90 TW- cm"2
The maximum power has been chosen in order to reach reasonable values
of hydrodynamic efficiency. For instance, with 700 TW this efficiency is
greater (0.166) than in the case selected, with 400 TW (0.126). The beam
focusing increases the effective range in such a way that the thickness of the
absorber should be increased (5% for completely focused beams) in order to
maintain the same temperature conditions in the payload.
In case 1 the total gain obtained was 80, while in case 2 the total gain was
90. The results are presented in Fig. 4, together with data for heavy ion targets
and data from Lindl and Mark [19] for short-wavelength lasers. Our simulations
indicate a threshold near 2.2-2.5 MJ/mg to obtain a substantial energy gain for
large aspect ratio targets such as those required for current pulse power diode
focusing. We consider this result somewhat conservative, mainly because of the
high values of radiation leakage obtained in our simulations.
2.2. Heavy ion beam targets
The study of heavy ion beam targets has been carried out with strong effort,
with calculations for reference targets (HIBALL like), parametrization of fuel
mass and target aspect ratio, and equivalent simulation of the heavy ion beams
tuned in voltage (energy) [1, 14].
Ion beams of 10 GeV Bi+ were assumed for the driver with power leads
of 720 TW, and a prepulse of 2.4 TW and 10 ns. The duration of the main pulse
was varied to obtain different total energies. The fuel masses were changed from
1 mg to 4 mg and a preheating lead shield of 15 mg was fixed. The masses of the
tamper and ablator were modified to obtain different aspect ratios. The gain
versus beam energy for the cases of 1 mg and 2 mg is represented in Fig. 4.
Some very interesting results have been obtained in the simulation of the
effect of variable energy of the ions impinging on a target [2, 14]. In this case,
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FIG. 4. Energy gain versus beam energy for heavy and light ions and short-wavelength lasers.

a more realistic peak power (500 TW) was used. The effect was simulated by
adjustment of the deposition profile to a given pattern, which is shown to be an
effective method of improving the dynamics of the target under compression,
permitting a drastic reduction of the mass of the internal shielding tamper.
The gain is shown in Fig. 4 for I mg of fuel mass. It can be concluded that the
use of heavy ion beams constantly tuned in voltage (energy) gives promising
results and leads to improvements.
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Abstract
RECENT EXPERIMENTAL RESULTS OF CRYOGENIC PULSED ION DIODES.
A new machine for the extraction of pulsed ion beams from a cryogenic anode has come
into operation. The anode is cooled by a refrigerator with helium gas circulation (15 W, 20 K).
The vacuum chamber is evacuated with a turbo-molecular pump to obtain a clean vacuum.
The source materials are puffed on the anode and frozen on its surface in the vacuum chamber.
Diode and beam characteristics have been examined with two kinds of ice on the anode. The
extracted ion currents have been measured by a large diameter biased ion collector. As an
example, a total ion current of 120 A and an ion current density of 5 A/cm2 on the anode
surface have been obtained at a diode voltage of about 300 kV with N2 ice. Without ice, the
measured ion signal is reduced to less than 1/10, i.e. a beam purity of more than 90% could be
obtained. Time integrated Thomson parabola tracks have been analysed to ensure beam purity.

1.

INTRODUCTION

In 1981, a cryogenic pulsed ion diode was proposed by some of the present
authors [1]. This diode should be used to overcome difficulties experienced
with the conventional diode operated at room temperature. Since our cryogenic
diode could use frozen dielectric materials on the anode surfaces as ion sources,
pure ion beams [2] could be extracted from the uniform anode plasmas [3, 4].
Moreover, the source materials could be supplied easily through the gas puff
valves without breaking the vacuum. The present paper describes briefly the
main results of recent experiments with cryogenic ion diodes at the Tokyo Institute
of Technology. Our final goal is the development of cryogenic pulsed ion sources
with high purity, high brightness and high repetition.
1
2
3
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FIG. 1. Schematic diagram of the newly constructed experimental apparatus.

2.

EXPERIMENTAL APPARATUS

Figure 1 shows the newly constructed apparatus, which has a repetitive
capability of 0.2 Hz. A 5S2/60 ns coaxial water-filled pulse-forming line (PFL)
charged by a 1 MV/3.75 kJ Marx generator is used to apply a high voltage pulse
on the diode (anode-cathode) gap. Figure 2 shows a schematic diagram of the
diode section. A magnetically insulated extraction diode (radial magnetic field)
[2-4] is used. The anode is cooled by a Stirling cycle refrigerator, with a
refrigeration capacity of 15 W at 20 K, or by a liquid helium cooling system [4].
The vacuum chamber is evacuated with a turbo-molecular pump to avoid oil
contamination on the low temperature anode surface. In our experiments, the
source materials are puffed onto the anode and frozen on its surface in the
vacuum chamber. The high voltage applied at the diode gap induces flash-over
along the dielectric surface. The flash-over plasma works as the ion source.

3.

EXPERIMENTAL RESULTS

The temperature history of the anode surface was measured by an
Au/0.07 Fe/Chromel thermocouple. The temperature of the refrigerator cryohead
was monitored by a couple of Pt-Co resistor thermometers. These results have
been reported in Ref. [5]. The anode surface was cooled from room temperature
to about 20 K within 120 minutes.
Various ion species, such as N2 and Ar, were frozen on the cryogenic anode
and tested as ion sources. The extracted ion currents Ij were measured by a
biased ion collector of large diameter, placed 20 cm from the anode surface.
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FIG. 2. Schematic drawing of the cryogenic diode section.
CC is cryocooler, TF1 and TF2 are transfer tubes, TMP is turbo-molecular pump
and GIV is gas injection valve.
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FIG. 3. Typical waveforms of pulse-line voltage Vp and total ion current Ii versus time.

Typical oscillotraces of the ion current extracted from the N2 puffed anode and
from the bare anode (without gas puff) are shown in Fig. 3, with typical waveforms
of the pulse-line voltage Vp . A total ion current of about 120 A O 5 A/cm2 on
the anode surface) was measured at a diode voltage of about 300 kV for the case
with a puffed anode. Without puffing (N2 gas), the measured ion signal was
reduced to less than 1/10. This means that more than 90% of the extracted beam
current can be attributed to the puffed material (N 2 ).
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FIG. 4. Beam purity measured with a particle track detector.
(a) Number of tracks (N+ and N**J versus energy/charge.
(b) Reproducibility check ofN* particle counts with three successive beam shots.
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FIG. 5. Time of flight signals measured with biased ion beam collector
at three different locations: (a) for Ni ice, (b) for CHA ice.
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FIG. 6. Electron number density Ne of anode plasma versus diode time,
measured spectroscopically.

To ensure beam purity, a CR-39 (plastic) particle track detector was used
together with a Thomson parabola analyser. The number of particle tracks on
the CR-39 detector was counted with an optical microscope by viewing separate
small parts of the parabola. The results are shown in Fig. 4, where the ordinate
gives the relative number of counts (N) per unit beam energy (AE) and the
abscissa gives: (a) the energy (E) over the particle charge state (Z), and (b) the
energy (E) alone. The ratio N'VN** is 58%/42% and the beam purity is very
high with the frozen N2 anode, as shown in Fig. 4(a). The reproducibility of
the purity measurements is shown in Fig. 4(b), giving only the N+ results for
three shots.
The time of flight of the ion beams extracted from the N 2 ice and the
CH4 ice was also measured with the biased ion beam collector. Examples of
the signals are shown in Fig. 5 for ion currents measured at three different
locations. The distance between the anode and the ion collector is indicated
by L (40, 60 and 80 cm). The monitor signals with the voltage pickup at the
diode position are shown at the bottom of Fig. 5. The separation between H+
and C+ for the case of CH4 ice is clearer than the separation between N+ and N4*
for the case of N2 ice.
The effect of the anode temperature on the extracted beam characteristics
has been examined previously, and it has been found that the uniformity and
density of the anode plasma increased with temperature [6, 7]. In our recent
experiments we measured spectroscopically the electron densities of the anode
plasmas produced from H2 O ice. The light emission from the anode plasma
was guided to a 50 cm monochromator by an optical fibre to avoid electromagnetic noise. The electron temperature was estimated from the hydrogen
Ha/H|3 line ratio, and the electron number density was determined from the
Stark broadening of the H a line. Figure 6 shows these results as a function of
the diode time, with the anode temperature as a parameter. The electron
number density Ne increases rapidly at higher anode temperature.
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CONCLUSIONS

Pulsed ion beams of about 120 A were extracted from N2 puffed cryogenic
sources, using our newly constructed apparatus with the Stirling cycle cooling
system and the turbo-molecular evacuation system. More than 90% of the
extracted current could be attributed to puffed N2 gas. Measurements of the
quantitative purity of the extracted ion species were performed with a time
integrated track detector.
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Abstract
EXPERIMENTAL STUDY OF UNIFORM ACCELERATION WITH UV LASER LIGHT.
Non-uniformity smoothing and the properties of randomly phase-shifted irradiation with UV
lasers (0.27 /an) have been investigated experimentally. Non-uniformity smoothing of the accelerated
target measured by X-ray backlighting is in reasonable agreement with the improved 'cloudy day model'
in the power density region 5 x 1013 W/cm2 to 2 x 1014 W/cm2 and in the modulation wavelength
range 25-70 (jm created by multi-spot irradiation. Randomly phase-shifted irradiation, including
various modulation wavelengths, has been applied to study non-uniformity smoothing in a wider range
of wavelengths by comparing the amplitudes of the Fourier components of UV and green laser intensity
distribution and of the X-ray radiation distribution. In the experiments with randomly phase-shifted UV
irradiation, local heating of the target has been found by observing the ion energy spectrum, the shock
transit time across the target, the burnthrough of the target and the X-ray backlighting shadow.

1.

INTRODUCTION

Experimental and theoretical evidence has been accumulated concerning the
advantages of a short-wavelength laser light in laser-plasma interaction processes,
such as efficient energy deposition, reduction of suprathermal electrons and high
ablation pressure [1, 2]. An important problem in laser fusion is the uniformity of
the ablation pressure, which has to be better than a few per cent in order to achieve
high gain [3]. In the case of direct-drive laser fusion, the asymmetry of the pressure
at the ablation surface is mainly due to non-uniformity of the laser illumination
when hydrodynamic instabilities do not exist. An investigation of non-uniformity
smoothing with a short-wavelength laser (0.35 pm wavelength) has been performed
previously [4].
In this paper, we present an experimental study of non-uniformity smoothing
and the properties of randomly phase-shifted irradiation [5] for a
0.27 nm wavelength laser using X-ray backlighting, Fourier analysis and other
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FIG. 1. Schematic drawing of the focusing optics.

methods. We investigate the smoothing effect and the improvement of the acceleration uniformity for the quarter-micrometre wavelength region. Later, compression
experiments will be performed with the KrF excimer laser which is under development [6].

2.

EXPERIMENTAL APPARATUS

Experiments with a single-beam neodymium laser delivering 20 J in 350 ps
(1.06 ^m pulse) have been performed. After frequency quadrupling through two
potassium dihydrogen phosphate crystals, the 0.27 /xm laser energy is typically 7 J.
The beam is focused onto foil targets with an F/6 lens of 500 mm focal length. The
incident irradiance ranges from 5 X 1012 W/cm2 to 2 X 1014 W/cm2. The targets
are planar 1 mm wide aluminium foils. The thickness of the targets ranges from
5 /urn to 15 jtni.
To study non-uniformity smoothing, irradiance modulations are introduced
without energy loss by inserting a pair of quartz plates in the incident beam behind
the focusing lens, as shown in Fig. 1. The wavelength of the intensity modulation
is changed by varying the angle of incidence to the quartz plates.
For the randomly phase-shifted irradiation experiments, a random phase
plate [5] is used. This consists of randomly distributed half-wavelength phase shifter
elements. The size of the aperture element is 1 mm X 1 mm for a 0.27 /*m laser.
An X-ray pinhole camera is routinely used to monitor X-ray emission from the
plasma. Four 10 /xm dia. pinholes with different filters are placed in front of a solid
state image sensor (charge-coupled device). For a 25 fxm detector element and a
camera magnification of eight, the spatial resolution of the pinhole camera is about
13 /xm. The filters used are made of 8 /xm and 30 /im thick beryllium and 5 /xm and
9 /xm thick aluminium.
The X-ray backlighting technique is used to measure the accelerated foil
velocity. The backlighting source is produced by focusing 1.06 pm laser light with
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FIG. 2. Irradiation modulation of the focused pattern and X-ray shadow of the accelerated target.

a pulse duration of 350 ps onto a copper target. X-ray shadowgraphs are recorded
with a 5 fim pinhole camera through a 6 pm thick aluminium filter. The spatial resolution of the pinhole camera is 10 /jm. The effective photon energy range of the backlighting source is 1.0-1.5 keV.
The transit time of a shock wave through a target is measured by an optical
streak camera with a slit focused onto the rear surface of the target across the centre
of the laser driven target region. The temporal resolution is 100 ps and the spatial
resolution is 15 jum. The measured wavelength of the rear surface emission ranges
from 650 run to 850 run.

3.

NON-UNIFORMITY SMOOTHING

Non-uniformity smoothing has been studied experimentally by changing the
irradiation power density and the modulation wavelength I. From video signals of
focal spot images in vacuum, a spatial wavelength of 25 ±5 ^m to 70±5 pm and a
modulation rate
Tl

Umax

^min/'V^max

' ^min/

of 0.73 ±0.05 to 0.29+0.05 are deduced ( I r a and I,™ are the peak and trough of
the laser intensity). Figure 2 shows a typical example of the focused laser intensity
distribution and an X-ray shadowgraph of the accelerated target. Assuming that the
rear side velocity modulations are equal to the ablation pressure modulations,
non-uniformity smoothing is studied by measuring the displacement of the shadow
from the initial position of the rear surface of the target. The modulation rate of the
rear side velocity is defined as
Tv

=

(.^max ~ ATUiJ'(.Ainax '

where Z^ and Z^ are the peak and trough of the shadow of the displaced rear surface. The displacement after extinction of the backlight is 1/20. From our previous
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FIG. 3. Irradiation power dependence of the smoothing factor F at different modulation wavenumbers,
k = 2ir/ (, for 12.5 pm thick aluminium targets.

results for ablation pressure scaling, Pa oc I0-7 [1], the following pressure modulation rates without lateral smoothing, yp, are derived: YP = 0.6 for 7, = 0.7 and
Yp = 0.2 for 7, = 0.3. The smoothing factor, defined as T = 7V/7P, is compared
with the improved 'cloudy day model', which is derived from a treatment of the
transverse perturbation propagating between the critical surface and the ablation surface [7].
Figure 3 shows the irradiation power dependence of F at different modulation
wavenumbers (k = 2TT/Q for 12.5 /xm thick aluminium targets. The solid and broken
lines in Fig. 3 indicate the smoothing factors analytically evaluated for
k = 0.3 /iin"' and k = 0.1 /xm"1.
The X-ray backlighting data have to be treated cautiously because of the
blurring of the boundary caused by the thermal expansion of the target. In our experiment, the estimated blurring is small (10 ^m) so that the velocity modulation can be
measured; the density distribution is assumed to obey the rules of one-dimensional
theory for shock waves and rarefaction waves.

4.

RANDOMLY PHASE-SHIFTED IRRADIATION

An experiment with randomly phase-shifted irradiation has been performed by
inserting a random phase plate in front of the focusing lens. The measured intensity
distribution for a 0.27 /zm laser at the focal plane is shown in Fig. 4. The focused
laser pattern shows spikes of various intensity for the different wavelength components, with a minimum pitch of about 3 jtm. The Fourier spectrum of the focused
laser pattern is approximately |I(k)| = V k m -k, where k is the wavenumber and k^ is the cut-off wavenumber. The zeroth-order diffraction square
(250 urn x 250 //m) contains 80% of the laser energy. The mean power density
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FIG. 4. Intensity distribution fora 0.27 \im laser produced by inserting a random phase plate in front
of the focusing lens.

varies from 2xlO 1 2 W/cm2 to 1.6X1013 W/cm2. The targets used in the experiment are 5 /xm thick and 15 mm wide aluminium foils.
4.1. Fourier analysis of the smoothing effect
The dependence of the smoothing effect on the wavenumbers of the spatially
modulated laser intensities can be investigated by comparing the amplitudes of the
Fourier spectrum of the incident laser beam with those of the observed physical quantities, because the focused laser pattern consists of a wide range of modulation
wavenumbers, as mentioned above. To investigate the effect of thermal diffusion
around the cut-off density, the amplitudes of the Fourier components of the focused
laser intensity are compared with the amplitudes of the X-ray emission distribution.
The experiment is performed with lasers of 0.27 jum and 0.53 fim wavelength. The
sensitive spectral range of the X-ray detector is 1.0-1.5 keV. The detectable maximum wavenumber of the modulation (0.5 ixm~[) is limited by the spatial resolution
of the X-ray pinhole camera.
To demonstrate the effect of thermal diffusion over the critical density layer,
the amplitudes are compared at the temperatures TL (derived from the laser intensity
profile IL) and Tx (derived from the X-ray intensity profile Ix obtained with the
X-ray pinhole camera). In this derivation, we assume a relation TL = I2/3, on the
basis of a simple analytic model prediction, and Tx » Ix1/3, derived from the detector sensitivity for the calculated plasma radiation.
Figure 5 shows the amplitudes of the Fourier components of TL and Tx for a
0.53 fim laser; the intensities of the two curves are normalized at the fundamental
wavenumber. The smoothing factor of the thermal diffusion, TT, is defined as the
ratio of the Fourier amplitudes of TL and Tx. The smoothing factors for 0.27 jtm
and 0.53 pm irradiations at a mean intensity of 1.3xlO 13 W/cm2 are plotted in
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FIG. 5. Amplitudes of Fourier components of derived temperatures for a 0.53 fim laser.

Fig. 6. With green laser (0.53 ^m) irradiation, it can be seen that there is a tendency
for modulation smoothing as the wavenumber is increased. On the other hand, with
UV light (0.27 /an) irradiation, the reduction of the modulation is relatively small
and insensitive to the modulation wavenumber. Therefore, relatively poor thermal
smoothing can be expected with UV laser irradiation; the poor S/N ratio of the video
signal obscures the smoothing factor at the higher wavenumbers.
4.2. Shock transit time measurements and
ion energy distribution
The modulation of the shock transit time and the laser burnthrough patterns
have been compared. The streak photograph of the rear surface luminosity shows a
few bright precursors 200 ps after the peak of the laser pulse. The burnthrough
patterns monitored with a UV television camera correspond well to the precursors
appearing in the streak camera photograph taken simultaneously.
The observed shock arrival time is comparable with the calculated value of
190 ps for a power density of 10M W/cm2 (the peak intensity of the randomly
phase-shifted focus); this value was obtained with a one-dimensional hydrodynamic
model of laser-driven shock evolution [8]. After decay of the target density below
the cut-off density for a 0.27 /an laser, the tail of the laser pulse shows a burnthrough
pattern. This means that modulation smoothing of the very intense spikes is rather
poor. The spikes on the rear surface of the accelerated target are observed also in
the X-ray backlighting photographs.
In the case of the irradiation of the randomly phase-shifted UV laser using the
random phase plate (power density 1013 W/cm2), a high energy shelf (about
50 keV) is observed in an ion energy spectrum obtained by a time-of-flight measurement (see Fig. 7). On the other hand, a monotonic ion energy distribution is observed
in the irradiation without the random phase plate, in spite of the higher power density
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FIG. 6. Smoothing factors of thermal diffusion, YT , derived by Fourier analysis.

(7xlO 1 3 W/cm2). The local intensity of the randomly phase-shifted irradiation is
similar to that of the coherent irradiation, but there is an obvious difference in the
energy spectrum between the two irradiation schemes. This fact suggests the presence
of local heating in hot spots of the focus.
In the experiment with the randomly phase-shifted irradiation, only a spatial
incoherence is introduced. Therefore, spatially fixed particular points are heated up
by the intense part of the focused beam throughout the duration of the laser pulse.
If the position of the hot spots would change rapidly and randomly, which could be
the case if both spatial and temporal incoherence were introduced, more uniform
heating and/or acceleration might be possible.

5.

EXCIMER LASER AMPLIFIER

An e-beam pumped KrF laser has been developed as a middle-stage amplifier
of a 1 kJ system for laser fusion research. The laser consists of one Marx generator
(1 MV, 11 kJ), two pulse-forming lines (46 (2, 100 ns) with laser triggered output
switches, two e-beam diodes (10x60 cm2), and a laser cell (20x20x60 cm3 active
volume).
Two e-beams are injected into the cell through a titanium anode and pressure
foils. So far, a 235 J (85 ns) laser pulse has been generated in an injection locked
oscillator mode. The overall efficiency is 2.0%.
Both spatial and temporal incoherence may be required to achieve uniform
heating and acceleration of the target. With the broadband KrF excimer laser system
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FIG. 7. Time-of-flighl measurement of the ion energy spectrum. Irradiation power densities:
1&3 W/cm2 with the random phase plate and 7 x 1013 W/cm2 without the random phase plate.
Laser wavelength: 0.27 /im.

under development in our laboratory, it may be possible to experimentally prove the
effectiveness of this scheme.

6.

CONCLUSIONS

The experimental results for non-uniformity smoothing of 0.27 /wn lasers are
in reasonable agreement with the improved 'cloudy day model' [7] in the modulation
wavenumber range 0.1-0.3 ^m" 1 and the power density region 5 x 1013 W/cm2 to
2xlO 1 4 W/cm2. The velocity modulation becomes smoother as the laser intensity is
increased and the modulation wavelength is decreased. The power density required
to achieve uniform compression, F < 1 %, is estimated to be more than
5xlO 1 4 W/cm2 for k = 0.1 fan"1 and 5 x l 0 1 3 W/cm2 for k = 2.0 nm~\
Concerning the smoothing effect of the thermal diffusion around the cut-off
density, with a 0.53 /xm laser there is a tendency for modulation smoothing as the
wavenumber is increased. With a 0.27 /zm laser, the reduction of the modulation is
relatively small and insensitive to the modulation wavenumber.
The randomly phase-shifted irradiation causes local heating and produces a high
energy shelf in the ion energy distribution.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH WITH INTENSE PULSED LIGHT ION
BEAMS.
The paper reviews research and development of an intense pulsed particle beam at the Technological University of Nagaoka. The activities in connection with the 'ETIGO Project' include both
experimental and theoretical studies. (1) A new, self-magnetically insulated ion diode called the 'plasma
focus diode' has been developed; a significant enhancement of the ion current density on the anode surface is achieved with this diode compared with other ion diodes, under the same experimental conditions. (2) A Rutherford scattering pinhole camera technique has been used to measure the local
divergence angle and to determine its dependence on various parameters. (3) A new diagnostic technique
has been developed for the measurement of ablation processes in ion beam-target interaction; a strong
light from a z-discharged plasma is utilized as a backlight. (4) An inductive post-acceleration experiment
has been carried out on an ion beam highly charge and current neutralized by electrons. (5) A new pulsed
power machine, the ETIGO-H, has been constructed; it has a Marx generator with 160 kJ of stored
energy and its output energy at 3 MV is 70 kJ. (6) The development of a particle-in-cell diode simulation
code, ion beam focusing with an external magnetic or electric field, ion beam transport and pellet implosion have been studied theoretically with one- and three-dimensional codes.

1.

INTRODUCTION

Light ion beams (hereafter referred to as LIBs) seem to be the most promising
energy drivers for inertial confinement fusion (ICF). The focusing of LIBs is the most
important and serious problem that has to be solved. At the Laboratory of Beam
Technology of the Technological University of Nagaoka, basic and systematic studies
have been carried out [1, 2]. The 'ETIGO Project' includes studies aiming at a clear
understanding of the physics of ion beam focusing, the development of new ion
diodes and new diagnostic techniques, research and development of an inductive
post-acceleration technique for a light ion beam highly charge and current neutralized
by electrons, the construction of the new pulsed power machine ETIGO-II, and the
development of particle-in-cell computer simulation codes for a comparison with
experimental results. In this paper, recent progress in these activities is briefly
reported.
177
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FIG. 1. The self-magnetically insulated 'plasma focus diode',

2.

EXPERIMENTAL RESULTS

2.1. Development of the self-magnetically insulated
'plasma focus diode'
A new and simple ion diode of the self-magnetically insulated type has been
developed [3]. Since the shape of this diode is similar to that of a Mather-type plasma
focus device, we call it the 'plasma focus diode' (PFD). Figure 1 illustrates schematically the basic principles of the PFD. The anode and cathode are formed by a pair
of cylindrical electrodes; a flashboard is attached to the anode surface. If the diode
current exceeds a certain critical value, the electrons tend to be pinched around the
top of the diode (z = 40 mm), resulting in an electron beam directed to the top of
the anode or in the z-direction. The ion beam, which is extracted from the flashboard
anode, passes through a perforated cathode and tends to be concentrated on the central axis.
The features of the PFD can be summarized as follows. (1) The axially symmetric configuration ensures axial symmetry of every field and quantity. (2) The electrons do not pinch on the active area of the ion source, which permits multiple-shot
operation without a change of the flashboard. (3) Because of the initial radiation of
electrons onto the anode before the beginning of magnetic insulation, a high ion current density can be obtained. (4) The targets can be irradiated with a large solid angle.
The basic properties and characteristics of the PFD as obtained experimentally
are summarized as follows. (1) An ion current density on the anode of 720 A/cm2
is obtained at an inductively calibrated diode voltage of about 660 kV, a diode current
of about 142 kA, a pulse width of about 90 ns, an ion current of about 32 kA, and
an efficiency of about 22%. The ion current density is significantly higher than the
density obtained with other diodes at the same parameters and conditions. (2) The
electrons are pinched near the top of the anode; correspondingly, the number density
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FIG. 2. Dependence of local divergence angle (4>) on (a) transverse magnetic field strength (B/BJ
and (b) ion current (Ij); the inductively calibrated diode voltage (V*d) has been kept constant.

of protons increases in the direction of the top of the diode. (3) The local divergence
angle and the angle of deviation from ideal trajectories have been found to decrease
with decreasing diameter of the cathode holes. A possible reason for this is that the
electric field and the electron sheath are significantly disturbed when the diameter of
the cathode holes becomes comparable to the anode-cathode gap.
The application of the PFD could be extended by spherically arranging both the
anode and the cathode so that a two-dimensional focus is obtained. With such a PFD
it might be possible to concentrate a very high power density onto the target placed
at the centre.
2.2. Measurement and evaluation of the local divergence angle
A better understanding of the local divergence angle in several parameter spaces
is very important for an enhancement of the brightness of light ion beams. Therefore,
we have measured and evaluated the local divergence angle (</>) of a light ion beam
extracted from a dual-current magnetically insulated diode (MID) using a Rutherford
scattering pinhole camera technique [4].
Figure 2(a) shows the angle <j> plotted against the insulating magnetic field
strength normalized by the critical field (B/Be). In this experiment, we observed that
the diode current (IJ and the electron current (Ie) decrease monotonically with
increasing magnetic field. As seen from Fig. 2(a), the angle 4> decreases with increasing B/Bc when V^ is kept constant. Also, when the value of B/Bc is kept constant,
the angle <j> increases with increasing V^. Figure 2(b) shows the angle <j> as a function of ion current I; and it is clear from this plot that the angle <>
/ does not depend
on the diode voltage and that it increases with increasing Ij.
An energy resolved measurement of <f> has been carried out with a specially
designed energy spectrometer. The ion detector is a CR-39 film covered with 1.5 pm
thick Mylar to eliminate carbons. Figure 3 presents the density distribution of protons
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FIG. 3. Density distribution of protons in the energy range of 350—650 keV, obtained by an energy
resolved measurement of the local divergence angle.

in the energy range of 350—650 keV. It can be seen clearly that the angle <f> of the
high energy component produced in the initial stage of the voltage pulse is large compared with the angle 0 in the low energy range.
Using a combination of plastic scintillator and image converter camera, we have
carried out a time resolved measurement of 4>. Figure 4 shows a typical example
obtained with this technique. The part seen to be 'white' in the photographs indicates
the location of the beam irradiation. In particular, as seen from photograph No. 3,
many 'islands' appear. This seems to be due to the fact that the anode plasma does
not grow uniformly throughout the anode surface and that the ion beam is extracted
from many 'source' islands that are strongly localized. Therefore, inhomogeneity of
the anode plasma is important in the initial stage of beam production. With the passage of time, two circular patterns appear; this indicates the 'smoothing' of the anode
plasma (see photographs Nos. 4-6). After smoothing, however, a relatively large
divergence exists, which seems to indicate the appearance of some plasma instabilities. These results qualitatively agree with the fact that the high energy component
of the LIB has a large divergence, as mentioned previously.
2.3. Ablation pressure measurement of beam-target interaction
by the backlighting technique
To study the ablation process of LIB-target interaction, a new high speed streak
photographing technique has been developed in which the strong light produced from
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FIG. 4. Framing photographs of a time resolved measurement of the local divergence angle, and
waveforms of the inductively calibrated diode voltage (VJ) and diode current (IJ.

a z-discharged plasma is used as backlight [5]. The target materials are aluminium
(5 and 15 /am thick) and Mylar (2 /xm thick), and the targets have a size of
50 mm X 10 mm.
Figure 5 shows typical high speed streak photographs obtained with this
technique. The rear velocity (vr) can be estimated as follows:
vr = 1900 m/s (15 urn Al)
vr = 4600 m/s (5 /urn Al)
vr = 930 m/s (2 /am Mylar)

at Vd* = 1010 kV (R = 14.1
at Vd* = 1010 kV (R = 14.1 /*m)
at Vd* = 590 kV (R = 7.6

where R denotes the range of protons. For 15 pm Al (Fig. 5(a)), which corresponds
to a 'thick' target, the velocity change is at t = 1 fis, which seems to be due to the
fact that the pusher begins to be heated and expanded by the thermal conduction from
the ablator ('burnthrough').
The ablation pressure is evaluated as Pa = 1.6 X 103 bar, at P^ (beam power
density injected) = 2.4 GW/cm2 for the thick aluminium target (15 /tm). This low
value of the ablation pressure seems to be due to the fact that a considerable amount
of the beam power is absorbed by ionization or excitation of the target. Finally, the
hydrodynamic efficiency ij (kinetic energy of the pusher per ion beam energy
injected) can be roughly estimated as JJ ~l%.
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FIG. 5. Streak photographs with ablation pressure measurement using the backlighting technique,
(a) and (b) V'd ~ 1010 kV, ld ~ 97kA, B/Bc ~ 2.5, (c) V'd ~ 590 kV, Id ~ 38 kA, B/Bc ~ 2.3.
Targets were placed at z = 160 mm downstream from the anode.

100 mm
FIG. 6. Cross-sectional view of the inductive post-accelerator MALIA-I.

2.4. Inductive post-acceleration of a highly neutralized light ion beam
An inductive accelerator system has been successfully operated for postacceleration of a light ion beam that is highly charge and current neutralized by
electrons [6].
Figure 6 shows the cross-sectional view of the inductive post-accelerator
MALIA-I (Medium-Mass Atom Linear Induction Accelerator). It consists of an ion
diode and a post-accelerator. The ion diode is an applied-Br magnetically insulated
diode (MID) which is directly connected to a Marx generator (200 kV, 5 kJ). The
anode is annular and is equipped with a flashboard of polyethylene. The anodecathode gap is 15 mm. The insulating magnetic flux density is about 0.15 T at the
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FIG. 7. Thomson parabola spectrometer data: (a) before post-acceleration, (b) after post-acceleration.

centre of the anode. The post-accelerator is driven by a Blumlein pulse forming line
(PFL) with switching reversed. The central conductor of the PFL is directly connected to the post-accelerator, which has neither a pre-pulse switch nor a charging
inductor. In the charging phase of the PFL, reversed current (pre-pulse) flows
through the chamber, inside which ten pieces of ferrite cores are installed; these cores
are ready to reset to full swing (AB * 0.63 T). The cross-section of the ferrite cores
is 250 cm2, giving Vr = 1.57 x 10"2 V-s. The post-acceleration gap, separated by
20 mm, is immersed in a transverse magnetic field (B = 0.095 T) for the insulation
of electrons. Using the applied-B MID, we produced an ion beam with a diode voltage of 90 kV, Jj = 20 A/cm2, Ij = 4 kA and T = 750 ns; this beam has been
highly charge and current neutralized.
Figure 7 presents data of a Thomson parabola spectrometer before and after
post-acceleration. Before post-acceleration, H + , H2+, C + and C 2 + are present. The
peak energy of H + , H2+ and C 2 + is about 90 keV/z. Applying an induction voltage,
V M , of 210 kV, with a pulse width of 50 ns at t = 0.9 /is after the start of the
diode voltage, we carried out the post-acceleration experiment, the data of which are
shown in Fig. 7(b). The peak energy here is about 240 keV for H + , which is about
150 keV higher than that before post-acceleration.
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FIG. 8. Cross-sectional view of the new pulsed power generator ETIGO-II.

2.5. Construction of the new pulsed power machine ETIGO-II;
ion diode experiments
The new pulsed power machine ETIGO-II has recently been put in operation
[1]. The construction of the new machine, which was officially approved by the
Government, began in 1984-1985. Figure 8 shows a cross-sectional view of
ETIGO-II. The Marx generator, with a stored energy of 160 kJ, produces a high voltage pulse of 3 MV for about 1 /us. A 12-channel water gap switch is used to decrease
the inductance. Using an impedance conversion line, for conversion from 1.7 fl to
6.5 fi, a high voltage pulsed power output was achieved with a voltage of ~ 3 MV,
current of —460 kA, pulse width of ~50 ns, power of ~ 1.4 TW, and energy of
~70 kJ. Using this machine, we carry out focusing experiments with a barrel shaped
diode or with the PFD (Section 2.1), as well as beam-target interaction experiments,
voltage enhancement experiments with a plasma opening switch, and research and
development of several diagnostic techniques.

3.

THEORETICAL STUDIES

Theoretical studies have also been carried out; in particular, a 2.5-dimensional
particle-in-cell (PIC) computer simulation code, PCSKfK, has been successfully
developed in co-operation with the Kernforschungszentrum Karlsruhe (KfK) [7].
This code can be applied to multispecies ions and non-uniform meshes. In the subroutine of the particle generation, new particles are created by a Gaussian law
adapted to a half-space mesh in addition to an electrode. The velocity of each particle
is determined by using a Maxwell distribution function and random numbers. For the
particle pusher, the relativistic equation of motion is solved by a Bunemann scheme.
Poisson's equation and the static Ampere law are solved in order to obtain the electric
and magnetic fields. To check the reliability of the PCSKfK, Child-Langmuir electron currents have been computed; the numerical errors have been found to be less
than 2%.
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Furthermore, theoretical investigations are being carried out on LIB focusing
by external magnetic or electric fields, LIB transport and pellet implosion, using oneand three-dimensional codes.
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Abstract
RADIATION TRANSPORT IN LASER IRRADIATED TARGETS.
The paper presents results of studies on X-ray transport in laser irradiated targets where the laser
driven shock plays an important role. X-ray preheat was observed in Cu and Mo targets from rear
surface luminous emission measurements. The observed preheat in Mo targets can be attributed to direct
X-ray shinethrough. The preheat in Cu targets is probably caused by radiation transport coupled with
ionization behind the shock front. Direct measurements of X-ray transmission through an irradiated Al
target and through an equivalent, cold foil were also made. The results suggest a significant increase
in X-ray transport, due to a shift in the K-shell photoabsorption edge induced by shock compression
of the target.

1.

INTRODUCTION

In the irradiation of medium- to high-Z targets by intense, short wavelength
laser light, high ablation pressure [1-4] as well as efficient X-ray conversion [5-8]
are obtained. Using a numerical model which treats hydrodynamics, ionization and
radiation in a completely self-consistent manner, Duston et al. [9] have studied in
detail photon emission and energy transport in laser heated foils. In particular,
ionization by radiative heating resulted in shifting of absorption edges to higher
photon energies. This in turn increased the energy transport, allowing the radiation
to slowly burn its way through the target. On the other hand, in the presence of a
strong shock, the process of radiation transport through the dense target can also be
significantly modified owing to pressure ionization [10]. This may further lead to a
coupling of the energy transport to the shock hydrodynamics.
In this paper, we present results of our study on X-ray transport in laser
irradiated targets where the ablatively driven shock wave may play an important role.
Energy deposition on the rear surfaces of high-Z targets (Cu and Mo) by shock and
radiative heating was investigated from temporally and spectrally resolved measurements of the rear surface luminous emission. To assess the effect of shock compression on radiation transport, X-ray transmission through an irradiated target
(aluminium) was compared with that through an equivalent, cold foil.
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FIG. 1. Intensity of rear surface emission (4700-6300 A) from (a) 20 fim Cu target and (b) 15 \xm Mo
target. Solid line: measured intensity; dashed line: calculated intensity for shock heating
alone; dot/dashed line: calculated intensity for heating by X-ray shinethrough.

2.

X-RAY PREHEAT MEASUREMENTS IN COPPER AND MOLYBDENUM
TARGETS

For X-ray preheat studies in high-Z targets, Cu (Z = 29) foils, 20 pm thick,
and Mo (Z = 42) foils, 15 /xm thick, were irradiated with a 0.53 ^m, ~ 2 ns
(FWHM) laser pulse from an Nd-glass laser. The laser beam was focused onto the
target front side with f/10 optics at an incident angle of 10° off target normal. At
focus, the intensity distribution was nearly Gaussian, with 90% of the incident laser
energy contained in a spot of 80 /xm diameter (yielding an averaged irradiance $90)
and 60% energy in a 40 /*m diameter spot (with the corresponding $#,). A time
integrated image of the focal spot revealed hot spots of < 10 pm in diameter.
However, no significant hot spot was observed in the shock front [11] or the preheat
front [12] as it emerged from the target rear surface.
Heating of the target rear surface was observed in luminous emission spectrum
measurements. Details of the diagnostics have been described in Refs [13, 14].
Figure 1 shows the observed luminosity in the spectral band of 4700-6300 A
as a function of time for the Cu and Mo targets, at an absorbed irradiance of
$60 = 1.3 X 10'3 W/cm2. The risetimes (corresponding to one decade increase in
the luminosity) were ~ 0.8 ns for the Cu target and ~ 1 ns for the Mo target — much
longer than the risetime (essentially detection system limited) of ~ 100 ps observed
in lower-Z aluminium (Z = 13) targets at similar irradiances [15]. The very sharp
turn-on of the luminosity in the Al targets is characteristic of shock heating. For the
Cu and Mo targets, if the observed rear surface heating were caused by the shock,
an extremely thick shock front (~10/jm) would be inferred from the measured
luminosity risetimes and shock speeds (~10 6 cm/s).
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FIG. 2. Rear surface temperatures for (a) 20 pm Cu target and (b) 15 p.m Mo target. Open circles:
measurements; dashed line: calculated temperature for shock heating alone; dot/dashed line:
calculated temperature for heating by X-ray shinethrough.

By comparing the measured emission spectrum with black-body curves, the
temperature of the target rear surface can be determined; the results are presented
in Fig. 2. The effective temporal resolution of 200 ps was governed by the time
integration window used to obtain the instantaneous emission spectrum. Also shown
in the figure are the shock heated temperatures calculated from one-dimensional
hydrodynamic simulations. Evidently, heating of the target rear surfaces could not
be accounted for by shock heating alone and there appeared to be significant preheat
ahead of the shock front.
Possible energy transport mechanisms effecting preheat of the target rear
surface include fast electrons, photon transport from directly behind the shock front,
and X-ray transport from the coronal plasma on the target front side. Even at an
irradiance of $$(, = 8 X 1013 W/cm2, X-ray continuum measurements have shown
that < 0.1 % of the absorbed laser energy was deposited in a hot electron component
of about 2 keV [15], which would have a very limited range (~ 0.1 /xm) in the target.
The photons emitted from the shock heated material at ~ 1 eV would be
predominantly in the ultraviolet, with a very short range (<0.1 jtm) in the solid. For
a shock speed of 106 cm/s, they could only cause heating ahead of the shock front
with a risetime in the luminosity of < 10 ps.
On the other hand, a simple model for X-ray transport through the target is
direct shinethrough where heating of the target rear surface is caused by photons with
a mean free path equal to the target thickness. The necessary conversion efficiencies
for such photons to produce the observed heating were ~ 1 % (~ 5 keV) and ~ 0.3 %
(~ 15 keV) for the Cu and Mo targets, respectively. Results of the temporal profiles
of the rear surface luminosity and temperature calculated from the 1-D hydrodynamic
simulations with and without such direct X-ray heating are shown in Figs 1 and 2.
These results suggest that direct X-ray shinethrough may account for the preheat in
the Mo targets but not in the Cu targets. For the Cu targets the radiative preheat can
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FIG. 3. X-ray signal on (a) the front side and (b) the rear side of a (25 ±1) nm Al target. The front
signal was time delayed by 50 ps relative to the rear signal.

be satisfactorily modelled by a wave-type transport induced by a change in the
opacity of the shocked target that is due to pressure ionization. Details of this model
will be published elsewhere.

3.

X-RAY TRANSMISSION THROUGH ALUMINIUM TARGETS

In this experiment, planar Al targets (17-40 /*m) were irradiated with a
0.53 fim laser pulse similar to that described above. X-rays transmitted through the
irradiated target were monitored using a high-speed X-ray diode (with an aluminized
polycarbonate filter to eliminate visible/UV radiation) placed on the target rear side.
Also, X-ray transmission through an equivalent, cold foil was measured with a
similar diode (with an aluminized polycarbonate filter) placed on the target front side;
it had an additional Al filter of the same type as the target used. Figure 3 shows
examples of the front-side and rear-side X-ray intensities. The front-side X-ray signal
closely resembled the incident laser pulse. In contrast, the rear-side X-ray diode
showed a strongly increased X-ray transmission through the target.
When the X-ray measurements were performed, we also monitored the arrival
of the laser driven shock wave at the target rear surface, using an optical reflectivity
diagnostic [16]. For the measurements presented in Fig. 3(a) the shock break-out
occurred 0.4 ns before the peak of the front-side X-ray emission. The very large
increase in the rear-side X-ray signal following the shock break-out was attributed
to enhanced X-ray shinethrough resulting from target decompression by the
two-dimensional rarefaction wave launched at the target rear surface at shock breakout [15]. More importantly, a significantly enhanced X-ray transmission through the
irradiated target was evident at the time of shock break-out. Figure 4 shows the X-ray
intensities transmitted through the irradiated targets and the equivalent cold foil, at
the time of shock break-out. Enhanced X-ray transmission was found for targets up
to 30 fim thick. This was attributed to increased transmission of the Al He a and
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FIG. 4. Transmitted X-ray intensity at the time of shock arrival at the target rear surface.
Solid circles: measured intensity through the irradiated target; open circles: measured intensity through
an equivalent cold target.
Dashed lines: calculated intensity, assuming that the fraction of total X-ray energy residing in the Hea
and intercombination lines, fx, is 5% (a) or 15% (b).
Solid lines: calculated intensity, assuming that fx = 5% and the mass absorption coefficient for the
Hea and intercombination lines, )i/p, is 320 cm2/g (c) or 420 cm2/g (d).
Dot/dashed lines: calculated intensity, assuming that fx = 15% and ii/p = 480 cm2/g (e) or
iilp = 540 cm2/g (f).

intercombination (IC) lines at ~1.6keV resulting from a blue shift in the
K-absorption edge caused by pressure ionization in the shocked target. A simple
model, taking into account the change in the K-shell binding energy due to ionization,
electron degeneracy and plasma screening effects, indicated that the K-edge will be
blue-shifted past the He a and IC lines for an ionization of 4, comparable to that
expected for the twofold compressed aluminium in this experiment.

4.

CONCLUSION

X-ray preheat has been observed in Cu and Mo targets. Radiation transport by
direct shinethrough can account only for the Mo target results. Significant increase
in X-ray transmission has been found in shock compressed Al targets. This is
attributed to a shift in the K-shell photoabsorption edge caused by pressure ionization
of the shocked target.
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INTOR: INTRODUCTORY REMARKS.
The International Tokamak Reactor (INTOR) is defined and its major objectives in the present
phase (Phase Two A, Part ID.) are described.

The International Tokamak Reactor (INTOR) is viewed as the major experiment
in the tokamak programme between the present generation large tokamaks and the
generation of demonstration reactors (DEMOs). Role and concept of INTOR are
being evolved by the INTOR Workshop, in the context of providing the broad,
general prerequisites for design and construction of the DEMOs.
The INTOR Workshop is a collaborative effort among Euratom, Japan, the
USA, and the USSR. It is conducted under the auspices of the International Atomic
Energy Agency (IAEA), in terms of reference defined by the International Fusion
Research Council (IFRC), an advisory body to the Director General of the IAEA.
The INTOR activity is being carried out in phases and is now in
Phase II A/Part 3 (1985-1987); the reports of the former phases are Refs [1-4]. A
brief summary of the administrative structure of the INTOR Workshop, its role in
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TABLE I. INTOR WORKSHOP OVERVIEW
Workshop session
Home institute activity"
(weeks/sessions/participants)
(man-years)
ZERO PHASE

November 1978December 1979

10/5/(4 x 4)

(15-20) x 4

PHASE ONE

January 1980July 1981

13/7/(8 x 4)

(20-40) x 4

PHASE TWO A/Part I

August 1981August 1983

12/7/(8 x 4)

(30-50) x 4

PHASE TWO A/Part II

January 1984September 1985

10/5/(8 x 4)

(30-50) x 4

PHASE TWO A/Part ffl

March 19861987

Rough estimate.

world fusion research, and its activity in each phase was given at the previous IAEA
Conference [5]. An overview of the Workshop is shown in Table I.
The major objectives of the present phase are to further improve the INTOR
concept by incorporating innovations to be developed on the INTOR timescale, to
investigate critical issues in the concept, and to define R & D requirements in support
of the INTOR concept. An INTOR related Specialists' Meeting of the IAEA
(January 1986) has identified such innovations as could substantially improve the
tokamak as a commercial reactor and/or as INTOR [6].
The following four presentations (papers IAEA-CN-47/G-I-2 to G-I-5) will
delineate the Workshop activity and specify research areas needed to define and
improve the INTOR concept. They are: Overview of the INTOR Workshop
(W.M. Stacey, Jr.), Impurity and Particle Control (D.E. Post), Operational Limits
and Confinement (F. Engelmann), and Heating and Current Drive (N. Fujisawa).
These papers are based on the work of scientists and engineers in the EC, Japan,
the USA, and the USSR, who have contributed to the INTOR Workshop.
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INTOR: OVERVIEW OF THE INTOR WORKSHOP
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Vienna

Abstract
INTOR: OVERVIEW OF THE INTOR WORKSHOP.
The current INTOR design concept and the ongoing work in the INTOR Workshop are reviewed.
The ongoing work includes evaluation of innovations that could substantially improve tokamak reactors,
analysis of critical technical issues that affect the feasibility of the INTOR design concept and revision
of the INTOR conceptual design.

1.

INTRODUCTION

The US, USSR, EC and Japan have collaborated since 1979,
through the IAEA-sponsored International Tokamak Reactor (INTOR)
Workshop, on a number of activities focused upon the next major
device (beyond the present generation of large tokamaks) in the
world tokamak program — an engineering test reactor. The INTOR
Workshop has proceeded in phases, first confirming the technical
feasibility of such a device, then defining it's features through
a conceptual design, and subsequently working on critical technical
issues that affect that design concept. Results of the recently
completed phase (1983-85) are published in Ref. 1.
During the present phase (1985-87), the INTOR Workshop is
analyzing six critical technical issues and examining a number of
innovations that could substantially improve the tokamak as a
commercial reactor concept. Scoping studies are being carried out
to evaluate the impact of these innovations on the INTOR design
concept. A revised INTOR conceptual design will be produced
during 1987.
2.

OBJECTIVES

The objectives of INTOR follow from consideration of its
role in the fusion program and from an assessment of the technical
basis which could exist within the next several years for its
design. INTOR is considered to be the step in the world fusion
' Permanent address: Georgia Institute of Technology, Atlanta, GA, USA.
The members of the INTOR Group are identified in Paper No. IAEA-CN-47/G-I-1.
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program between the present generation of large tokamaks and a
tokamak DEMO. The programmatic objectives of INTOR are that it
should:
(a) be the maximum reasonable step beyond the present
generation of large tokamaks (TFTR, JET, JT-60, T-15)
in the world fusion program
(b) demonstrate the plasma performance required for the
tokamak DEMOs
(c) test the development and integration into a reactor
system of those technologies required for the DEMOs
(d) serve as a test facility for the blanket, tritium
production, materials and plasma engineering technology
development
(e)

test fusion reactor component reliability

(f) test the maintainability of a fusion reactor
(g) test the factors affecting the reliability, safety and
environmental acceptability of a fusion reactor.
The technical objectives of INTOR have been developed to
support the achievement of the programmatic objectives, while being
consistent with the anticipated technical basis for the design and
construction of such an experiment to initially operate in the late
1990s. These technical objectives are given in Table 1.

3.

DESIGN CONCEPT

The original INTOR design parameters have been modified somewhat on the basis of the new knowledge of plasma physics and fusion
technology that has been gained during the course of the later
phases of the Workshop. The choice of parameters for the INTOR
concept is based, as before, upon anticipated advances beyond the
presently available data base. These parameters are given in
Table 2. A cross-section view of the INTOR design concept is
shown in Fig. 1.
To ignite with the parameters given in Table 2, the energy
confinement time in INTOR must be 1.4 s. Energy confinement scaling
laws based upon Ohmic discharges, such as the neo-Alcator and T-ll
scaling laws, predict energy confinement times of 1 to 8 s. Scaling
laws derived from neutral beam heated discharges with extensive edge
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TABLE 1. INTOR TECHNICAL OBJECTIVES
A.

Reactor-relevant mode of operation
1. Ignited D-T plasma
2. Controlled burn pulse of >100s
3. Reactor-level particle and heat fluxes
4.
5.
6.

(P >1 MW.nf 2 )
Optimized plasma performance
Duty cycle ^70%
Availability 25%

B.

Reactor-relevant technologies
1. Superconducting toroidal and poloidal
coils
2. Plasma composition control (e.g.,
divertor)
3. Plasma power balance control
4. Plasma heating and fuelling
5. Blanket heat removal and tritium
production
6. Tritium fuel cycle
7. Remote maintenance
8. Vacuum
9. Fusion power cycle

C.

Engineering test facility
1. Testing of tritium breeding and
extraction
2. Testing of advanced blanket concepts
3. Materials testing (limited)
4. Plasma engineering testing
5. Electricity production ~5-10 MW(e)
-2
6. Fluence — 3 MW.a.m

recycling (L-mode) scale favorably with plasma current and size for
INTOR, but the inverse dependence upon the total heating power
would lead to a prediction of an energy confinement time of about
one-half second in INTOR. Recent results from neutral beam heated
discharges in D-III and from ICRH heated discharges in PLT indicate
that the inverse dependence upon total heating power saturates after
a few megawatts, in which case the L-mode scaling laws extrapolate
to an energy confinement time for INTOR of several seconds. A more
favorable (relative to the L-mode) H-mode scaling is observed in
some neutral-beam-heated experiments with divertors. The ASDEX
H-mode scaling extrapolates to an energy confinement time of about
4 s for INTOR.
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TABLE 2. INTOR PARAMETERS

Chamber major radius, R
Plasma radius, a
Plasma elongation, K
Burn average beta, (3
Poloidal beta, j3j
Average ion temperature,
Average ion density,

4.9 m
1.2 m

1.6
4.9%

1.5
T

n.

i

10 keV
20 -3
1.4X10
m

Energy confinement time, 7"E

1.4 s

Plasma current, I
p
Field on plasma axis, B

8 MA

Safety factor (separatrix), q x

1.8

Peak thermonuclear power, P ,

585 MW(th)

Neutron wall load, P

1.3 MW.m" 2

Burn time, Stage I/Stage II
Duty cycle, Stage I/Stage II
Max. availability
ICRF heating power at start-up
ECRH startup assist power
LHR current drive power
First wall material

5.5 T

100/150
~60/~70%

25%
50 MW
10 MW
20 MW
H O , SS 316

Breeding blanket material

H 2 0 , SS 316

Breeder temperature
Breeding ratio
Annual tritium consumption at
25% availability
Tritium inventory
TF coil bore
TF coil conductor

410-800°C
>0.6
6.1 kg.a
3.1-4.5 kg
6.3 m X 9.3 m
Nb Sn

TF coil maximum field
PF coil conductor

11 T
NbTi and/or Nb Sn

Stationary power loads
Pulsed energy storage
Inboard (shield) thickness
Outboard (breeding blanket and
shield) thickness

200 MW
14 GJ
0.8 m
1.5 m
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FIG. 1. INTOR Phase Two design.

Recent experimental and theoretical results on the maximum
achievable value of beta can be characterized by the formula

c

aB

where C is a constant in the range 3-4. Choosing C = 4 leads to
g c = 4.9% with I = 8 MA, B = 5.5 T and a = 1.2 m. With these
parameters, qj. = 1.8 and q^ = 2.4.

Studies indicate that 0.8-1.3%

in beta must be allowed for alpha particles and impurities. Thus,
a total beta of 4.9% corresponds to a D-T beta in the range
3.6-4.1%. The plasma parameters in Table 2 are predicted upon a
D-T beta of 4.1%.
The INTOR poloidal field coil system provides 112 V.s.
Assuming neo-Alcator scaling during the current ramp-up and Z

=

1.5, this inductive capability would provide a 380 s burn at 6.4 MA
and a 150 s burn at 8.0 MA. A lower hybrid current drive system
is specified in the design for current ramp-up and .transformer
recharge. If this system works as hoped, INTOR will have the
capability of achieving burn times in excess of 1000 s.
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A single-null poloidal divertor, with the chamber at the
bottom, has been chosen for impurity control. Analyses indicate
that it is possible to magnetically form the divertor channels and
to control the separatrix motion to within several centimeters
with coils external to the toroidal field coils. A relatively
short channel length is adequate because of the high-density mode
of divertor operation. The reference plasma condition is
characterized by a low plasma temperature £s20 e V ) , a high ion
20 -3
density (> 2 X 10
m ) and a high ion flux at the divertor
plate. For the reference case a tungsten plate bonded to a copper
heat sink has been chosen as the best solution.
The mechanical configuration design was driven from the outset
by the requirement to provide sufficient access in order to
facilitate maintenance and assembly/disassembly. A semi-permanent
inboard, upper and lower shield forms the primary vacuum boundary.
Twenty-four removable torus sectors fit within this semi-permanent
shield. These torus sectors are partially (outboard and upper)
the tritium-producing blankets and partially (inboard and lower)
the heat-removal shields. The final closure of the vacuum
boundary on the outboard is at the outer boundary of the
removable sectors. Once the vacuum boundary is cut, each torus
sector can be withdrawn horizontally with straight-line or
translational motions through a 'window' between adjacent toroidal
field coils. The divertor channel is broken up into twenty-four
modules which are removable between the toroidal field coils. The
single-null divertor was chosen over the double-null divertor in
order to achieve this more simply maintainable mechanical
configuration.
Semi-permanent, superconducting toroidal and poloidal field
coils will be enclosed in a common, semi-permanent cryostat, thus
completely separating the cold and warm structures. Only the lower
outer PF coils may have a separate cryostat for ease of maintenance.
All poloidal field coils will be external to the toroidal field
coils and super-conducting. Forced-flow conductor designs have
been developed for the toroidal and poloidal field coils. Each of
these conductor concepts is under active development, and a final
decision can await results from the development programs.
The rather demanding structural requirements for the toroidal
field coils are met by a combination of design strategies. Coil
wedging, intercoil support structure and a bucking cylinder will be
used to handle in-plane and centering forces. Gussets, intercoil
support structure, a ring girder, the bucking cylinder and shear
ties will be used to handle out-of-plane forces and the over-turning
moment. A built-up laminated structure will be used.
A water-cooled, stainless-steel first wall with a panel-type
construction is specified. This first wall is expected to last the
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TABLE 3. INNOVATIONS CONTRIBUTED
Topic
Impurity control
Beta and confinement enhancement
Heating and
current drive
Advanced magnetics
Plasma engineering
Configuration and
maintenance
Advanced FW/B/S
Advanced materials
Compact reactors

EC Japan USA USSR Total
3
3
5
15
4
0

6

4

3

13

2
2
1

6
3
1

2
1

2
3
6

12
9
10

3
12

4
1

2
5
5
1

1
3

3
8
1

4

4

12
26
13
10

30

32

24

34

120

2
4

full lifetime of the device, provided that the melt layer which is
predicted to form on the inboard section during a plasma disruption
is stable. A tritium-producing blanket will be installed from the
outset of operation in order to reduce the operational cost. A
solid breeder (Li20) blanket that covers the outboard and upper
surfaces of the plasma chamber can produce more than 60% of the
tritium consumed in INTOR. Adequate shielding is available for
component protection and to allow access 24 hours after shut-down.
4.

INNOVATIONS

An INTOR-related IAEA Specialists Meeting on Tokamak Concept
Innovations was held in January 1986.2 The purpose of this meeting
was to identify innovations that would significantly improve the
prospects of tokamak development leading to an attractive endproduct — a viable tokamak fusion reactor. Emphasis was placed
upon innovations that would lead to substantial improvements in a
tokamak reactor, even if they involved a radical departure from
present thinking. For the most part, such innovations are not yet
supported by the existing data base. Innovations were contributed
to the Meeting in nine categories, as indicated in Table 3.
The innovations contributed to the Meeting were evaluated on
the basis of substance and feasibility, and those innovations which
have a high priority for further consideration were identified. It
is significant that 46 innovations were identified having a high
priority for further consideration, and 25 of these were judged to
be feasible on the time-scale of a next-generation experimental
reactor (i.e. the INTOR time-scale). This evaluation indicates that
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a substantial improvement in the tokamak reactor concept, relative
to our present perceptions, may be realized in the future. Moreover, there appears to be a possibility to realize a significant
improvement in the INTOR concept.
The most promising innovations identified during the Meeting
fell into a relatively small number of areas. A number of high
priority innovations were identified which could lead to a simpler
impurity control system, relative to the poloidal divertor. Among
these were neutral beam driven impurity flow reversal and edge
ergodicity to a achieve a cool edge region that would make a pumped
limiter feasible, and helium removal via burial in in-situ deposited
surfaces.
Several high priority innovations were identified which could
lead to enhancement of beta. Among these were accessing the second
stability regime with or without plasma indentation, suppression
of sawteeth oscillations and current profile control.
Fast wave and neutral beam current dfive were identified as
promising alternatives to lower hybrid current drive for the
achievement of steady state operation. Ion Bernstein wave heating
was identified as a promising alternative to ICRF.
The use of sub-MeV, negative ion based neutral beams for
impurity control, heating, current drive and burn control was given
a high priority for further consideration. A reactor that used a
single NBI system for those four purposes could be simpler than one
with ICRF heating, LHR current drive, a poloidal divertor for
impurity control and some other system for burn control.
Advances in superconducting magnet technology were felt to
offer substantial promise for improving the tokamak reactor concept.
Higher current density, higher field conductors would lead to more
compact coils. Forced flow, super-cooled helium conductors and
fibre reinforced non-metallic structures were identified as
promising areas for technology advances.
Many promising concepts for breeding blankets were identified.
Among these, a self-cooled liquid metal blanket and a high
temperature He-cooled blanket appear to offer substantial
improvement relative to previous blanket concepts. The development
of ferrltic/martensitic alloys in the near term and vanadium alloys
over the longer term would lead to extended blanket lifetimes. The
protection of components exposed directly to the plasma by means of
liquid metal droplets promises to extend the lifetime of the most
limiting components (i.e. divertor plate or limiter).
Several possibilities for achieving a more compact tokamak
reactor were examined. It was concluded that improving upon the
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present line of moderate aspect ratio, moderate elongation,
superconducting reactor concepts offered more promise than
alternatives based upon very small aspects ratio, extreme elongation,
or normal coils.
A proposal to locate MHD channels in the blanket introduced the
possibility of taking advantage of the unique characteristics of
fusion to reduce the cost of the entire energy conversion system.
In summary, the results of this Meeting led to three
significant conclusions. There is a large potential for substantial
improvement in the tokamak reactor concept, relative to previous
perceptions; improving upon the current mainline tokamak
configuration is more promising than pursuing extreme configurations,
and there is a possibility of utilizing the unique features of the
fusion energy source to improve the overall reactor plus balanceof-plant system.

5.

CURRENT INTOR WORKSHOP ACTIVITIES

Those innovations that were identified at the Specialists'
Meeting as having high priority for further consideration are
presently being evaluated by the INTOR Workshop, with emphasis
upon those which could be tested on the INTOR time scale. Scoping
studies are in progress to evaluate the possible impact of these
innovations upon the INTOR design concept.
Six technical issues are being studied currently in the INTOR
Workshop.
5.1

Impurity Control

The single-null poloidal divertor is the reference impurity
control scheme for INTOR. Studies are in progress to improve
and validate models used to analyze the INTOR divertor
performance. In addition, five innovative schemes are being
considered: neutral beam induced flow reversal, ergodic edge
layer, radiating edge, helium burial and liquid metal protected
plates.
5.2

Beta and Confinement Enhancement

New experimental and theoretical results are kept under
scrutiny.
Methods are being studied for enhancing beta by:
optimizing profiles and shapes; accessing the second stability
regime; wall stabilization; and control of MHD activity.
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5.3

Heating and Current Drive

Work is ongoing to improve and validate the models used
for the reference ICRF heating, ECRH startup assist and LHR
current schemes in INTOR. In addition, fast wave and neutral
beam current drive and ion Bernstein wave heating are being
evaluated for possible use in INTOR.
5.4

Electromagnetics

Computer codes for transient electromagnetic calculations
are being improved and validated. The electromagnetic
requirements for plasma position, shape and disruption control
are being analyzed. High field-high current density TF
conductors, subcooled He-II superconducting coils and non- .
metallic structural materials are under evaluation as
innovations.
5.5

Configuration and Maintenance

A comparative study of the reference INTOR horizontal
maintenance scheme with a vertical maintenance scheme is in
progress. Other issues being evaluated are the application of
shape memory alloys, the use of ferromagnetic inserts for field
ripple reduction, PF coil redundancy, rapid replacement schemes
for the divertor and first wall, and the containment of tritium
and activated dust during maintenance.
5.6

First Wall and Blanket

First wall and breeding blanket design options for INTOR
are being evaluated. Several methods for protecting divertor
plates and the use of helium retaining surface materials are
being studied. In addition, design constraints and guidelines
in these and related areas are being developed to guide the
upcoming INTOR design concept revision.
In preparation for the design concept revision, a set of
physics and engineering design constraints and guidelines are
being developed.
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DISCUSSION
ON PAPERS IAEA-CN-47/G-I-1 AND G-I-2
R.W. CONN: Can the plasma current in the INTOR design be increased above
8 MA, and, if so, has the poloidal field system been designed to accommodate higher
current? It seems to me that the confinement capability of the present design is
perhaps too small, given the ignition and burn objective of the machine.
G. GRIEGER: In principle, the plasma current can be made larger in INTOR,
but, in the present design, this would be at the expense of the voltseconds available
for currents driven inductively during the burn phase. However, it is expected that
progress in physics will narrow down the present range in predicted confinement
times to values compatible with the present INTOR parameters.
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Abstract
INTOR: IMPURITY AND PARTICLE CONTROL.
The impurity control studies for the past and present phases of INTOR have concentrated on the
development of the design concept of an impurity control system for INTOR based upon a single null
poloidal divertor. The performance characteristics of the divertor have been analysed by the use of
detailed computational models and consideration of the operational experience of poloidal divertors in
tokamak experiments. A viable engineering concept for the divertor system has been developed. Additionally, a pumped limiter system has been retained as a backup option. As a part of the present phase
of INTOR, a number of innovative impurity control schemes are also being studied. The major result
of all of the studies has been to increase the level of confidence in the divertor as the best available
system for impurity control for INTOR.

INTRODUCTION
The INTOR impurity control system must remove both the heat
(124 MW) and particles (2 x 1 0 2 0 He atoms/sec) produced by the
fusion reactions in INTOR [1]. The removal of the heat must be
accomplished without producing a large impurity content in the
plasma and without damaging the first wall components.
The
removal of helium must be done with reasonably sized pumping
systems.
The two major systems considered for INTOR have been
poloidal divertors and pumped limiters. A single null poloidal
divertor has been selected for the INTOR reference design
because of the possibility of operating the poloidal divertor in
a "high recycling" regime in which a low-temperature, highdensity plasma is formed at the divertor plate by intense,
localized neutral recycling. The low-temperature plasma lowers
the sheath potential, which minimizes the sputtering of the
plate, thus producing few impurities and leading to a long
erosion lifetime for the plate. The pumped limiter was chosen
as a backup system due to the expectation that the plasma
temperature at the limiter would be high, leading to severe
erosion and impurity production problems.
A number of
' Present address: Princeton Plasma Physics Laboratory, Princeton University,
Princeton, NJ, USA.
2
The members of the INTOR Group are identified in Paper No. IAEA-CN-47/G-I-1.
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alternative systems have also been considered, such as bundle
divertors, but were judqed not as likely to be effective as a
poloidal divertor or pumped limiter systemo
The major emphasis of the impurity control studies for
Phase IIA Part 2 of the INTOR was the development of detailed
design concept for the poloidal divertor system for INTOR. The
emphasis of the present phase has been continued refinement of
the divertor design includinq the new developments in divertor
experiments
and
theory and
examination
of a number of
innovations for possible inclusion in the INTOR impurity control
system.

DIVERTOR PHYSICS
As stated above, the main attraction of a poloidal divertor
is the possibility of producing a low-temperature, high-density
plasma at the divertor plates due to intense, highly-localized
recycling.
The low plasma temperature produces a low sheath
potential.
Thus, the kinetic energy of ions striking the
divertor plate will be low, perhaps as low as 15-20 eV. There
are many materials which have sputtering thresholds above this
value, and which can be used for constructing the surface of the
divertor plate. Thus, the impurity production and plate erosion
rates can be very low, even with large energy and particle
fluxes.
The high plasma density leads to a high neutral atom
density in the divertor chamber, which minimizes the pumping
requirements for achieving the required helium exhaust.
The performance of the candidate divertor system has been
analyzed extensively with detailed models. These models include
the effects of the transport of particles and energy in the edge
plasma both along and across the flux surfaces in realistic twodimensional geometries based on flux surfaces computed using MHD
equilibrium codes.
The interaction of the plasma with the
recycling neutral gas is computed self-consistently including
all of the major plasma-neutral collision processes, such as
charge exchange, atomic and molecular ionization, excitation,
and recombination, and all of the major electron-molecule
collision effects.
These calculations indicate that the basic
INTOR divertor design should be able to operate in the "highrecycling" mode.
The performance characteristics of the INTOR divertor have
also been extrapolated from divertor experiments on ASDEX, PDX,
PBX, AND D-III [2].
In each of these experiments, proper
localization of the neutral recycling has produced a "highrecycling" divertor, even with very large heat and particle
fluxes.
In the ASDEX AND PDX experiments, mechanical baffles
were used to localize the neutral recycling to the divertor
region. However, such baffles and larqe divertor chambers make
a poloidal divertor very expensive in terms of space and
poloidal field system requirements.
In the D-III and PBX
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experiments, the plasma itself was used to baffle the recycling
neutral
atoms
in
a
geometrically
open
configuration.
Measurements on D-III indicate that densities three or four
times the central plasma density could be produced near the
target plate, and that temperatures in the 5-10 eV range could
be produced there even with substantial levels of neutral beam
heating.
Based on these results and the modeling studies, an
open, compact divertor design has been selected for INTOR (Fig.
1).
The experimental results also indicate that the impurity
levels in the experiments were reduced with proper operation of
the poloidal divertor in the "high-recycling" regime.
In addition, operation with a poloidal divertor appears to
offer the potential advantage of improved energy confinement in
the "H-mode" [3]. Operation in the H-mode produces improvements
in the confinement time over limiter operation (L-mode) of
factors of up to two or more. Such operation would increase the
iqnition margin
for
INTOR.
Although there are several
theoretical models for the confinement improvement due to the Hmode, none is generally accepted. The experimental recipes for
producing the H-mode include operation with a poloidal divertor
magnetic topology, and localization of recycling away from the
plasma edge, especially on the large major radius side.
The
INTOR divertor is designed to localize the neutral recycling in
the area of the divertor chamber, both to produce a high
"recycling" divertor and to maximize the potential for good "Hmode" operation.

DIVERTOR ENGINEERING
One of the major foci
of the Phase IIA Part 1 INTOR
studies was the consideration of a pumped limiter system for
INTOR [41. The major focus of the Phase IIA Part 2 workshop was
the development a preliminary conceptual design concept for the
INTOR poloidal divertor system.
One result of the detailed studies was that the divertor
chamber was shortened by roughly 40% in height from the
preliminary design of the Phase IIA Part 1 design [4] (Pig.
1).
This has the advantage of reducing the size of the vacuum
vessel and the poloidal field system requirements for the
poloidal divertor.
Both theoretical analyses of the divertor
design and experimental studies of operating divertors indicate
that the neutral recycling is localized very close to the plate,
and that a shorter divertor chamber would be adequate to provide
proper localization of the neutral recycling.
The design of the divertor plate is a heat sink covered by
a protective armor. The armor is attached to the heat sink with
a hiqh heat conductivity bond. The lifetime of the divertor is
determined by the thermal fatigue of the composite divertor
plate and the degradation of its properties with radiation
damage.
The design studies included materials considerations,
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FIG. 1. Schematic illustration of INTOR divertor chamber.

fabrication
methods,
thermochemical
analyses,
disruption
analyses, lifetime predictions, and calculations for tritium
permeation through the divertor.
The reference divertor design consists of two actively
cooled plates angled so that the peak heat loads are reduced
from ~15 MW/m 2 normal to the separatrix to less than 5 M W / m .
The divertor plates consist of a structural heat sink to which
is bonded a high-Z plasma side material (Fig. 1 ) . The primary
candidate materials are copper alloys for the heat sink and
tungsten for the plasma side material. The heat sink is cooled
by water flowing in 0.6 cm diameter thin wall (0.1 cm) copper
tubes brazed onto the copper heat sink. The divertor surface is
broken up into 24 independent modules, placed side by side in
the toroidal direction. Each module consists of a large number
of two-material tiles with typical dimensions of 4 cm in the
radial direction and about 3 cm in the toroidal direction which
are bonded to the cooling pipes.
The modules are part of a
divertor cassette which can be removed for maintenance.
Detailed thermal stress analyses indicate that the maximum
allowable heat flux to the divertor plates is ~ 5 MW/m2. Helium
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and liquid lithium were examined as alternate coolants to water,
but were found to be inadequate for the divertor plate.
Stainless steel was chosen as the vacuum vessel material.

PUMPED LIMITER PHYSICS AND ENGINEERING
Studies were also carried out for a pumped limiter
system.
The major drawback of the pumped limiter is the
expectation that the plasma temperature at the limiter will be
high (~150 eV), resulting in a high sputtering rate. The pumped
limiter design is for a concave, double-edge bottom limiter.
The concept uses a removable limiter module with one module in
each of the 12 reactor sectors. The blade consists of a watercooled substrate covered by protective tiles.
The preferred
material for the limiter is carbon, but beryllium also appears
attractive.
Using a refractory metal such as tungsten on the
leading edge also appeared attractive, since the temperature at
the leading edqe (~50 eV) is lower than at the point the limiter
first contacts the plasma (~150 eV), and sputtering may not be a
severe a problem.
While the analyses indicate that limiters may have large
impurity production rates, the actual performance of present
limiter systems using graphite tiles on TFTR and JET has been
quite good, with Z ff's 4 2 being produced routinely with high
density operation and high power heating. If such good impurity
control results continue as the level of auxiliary heating
increases to ~30-40 MW, then pumped limiters will be
reconsidered for the INTOR reference impurity control system.

INNOVATIONS
Five possible innovative impurity control schemes are
presently being considered for the INTOR impurity control
system. They are:
(1) active control of impurity transport,
(2) removal of the plasma energy losses through edge
radiation,
(3) use of an ergodic limiter,
(4) burial techniques for He pumping, and
(5) liquid metal coated divertor plates.
The proposal for active control of impurity transport is
based on the observation that, in many tokamak experiments (e.g.
[4]), the injection of directed momentum into the plasma can
lead to enhanced outward transport of the impurities.
These
results have been analyzed with a theory [6] which, extrapolated
to INTOR conditions, leads to the expectation that injection
powers in the range of 50 MW should be adequate to keep the
central INTOR plasma relatively clean. The potential impact on
INTOR of an impurity control system based on such a technique
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including the impact of a high energy, negative-ion-based
neutral beam system and driven operation is being assessed. The
major questions involve the credibility of such a method, and
the impact and feasibility of operating INTOR as a steady-state,
neutral-beam-driven experiment.
A second proposal is to rely upon intense impurity
radiation from the plasma edge to reduce the heat flux via
charged particles to the limiter or divertor. There have been a
number of theoretical studies (e.g. [7]) of this issue, but they
have all either relied upon very high impurity concentrations or
impurity transport models which were felt to be unrealistic.
One conclusion of these studies was that medium-Z impurities,
such as iron, would be needed because the emissivities of the
lower-Z impurities, such as carbon, are too low, and the
temperature at which they are completely ionized is too low. It
was also felt that such a radiating layer might be thermally
unstable. The recent observations of "detached" plasmas on DITE
and TFTR [8,9] in which all of the plasma energy is radiated to
the wall show
that, at least with low levels of heating,
radiating edges do exist and are stable. The utility of such
phenomena in either reducing the peak heat loads or allowing a
change in the INTOR impurity control system is being studied.
The major
unresolved question is the feasibility of such a
scheme for the high power levels needed for INTOR.
Another
issue is whether such a scheme will be competitive with other
schemes, such as poloidal divertors, in terms of the plasma
volume required.
The third innovation proposed is the use of an ergodic
limiter [10-15] to reduce the peak heat loads and to cool the
plasma edge.
The basic idea is use helical coils near the
plasma edge to produce magnetic islands in the plasma edge. Due
to the resonant nature of the coils with the plasma current, the
currents required in the coils would be modest. The mixing of a
number of different islands would produce an ergodic region at
the plasma edge where the transport perpendicular to the flux
surfaces would be very large. There have been three types of
ergodic layer proposals:
(1) stationary ergodic limiter (e.g. [10-13]),
(2) rotating ergodic limiters [14], and
(3) helical divertors [15],
The first two of these proposals rely upon enhanced cross-field
diffusion and energy conduction at the plasma edge to increase
the radial energy and density decay length.
In the extreme
limit, this would allow a uniform dispersal of the plasma energy
and particles on the wall.
It is also argued that such an
ergodic layer would also produce an edge radiative layer which
would aid in spreading out the heat uniformly and in cooling the
edge [11]. Experiments on TEXT [16] have shown that, while
islands at the edge can be produced, they tend to form localized
hot spots, thus concentrating the heat flux.
Rotating the
islands either by oscillating the plasma current or the helical
coil currents would spread out the heat more evenly over the
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wall [14]. The third proposal is for helical divertors [15]
which would guide the islands into small divertor chambers
arranged on the vacuum vessel wall parallel to the resonant
islands. These divertor chambers would be small and quite close
to the plasma.
They could also be very "closed," and thus
enhance chances for the H-mode.
Each of these schemes would
also try to enhance the recycling at the plasma edge to bring
down the edge temperature.
The major issues associated with these proposals are the
degree of ergodization produced in the plasma edge, the
feasibility of making an ergodic edge with a reasonable coil set
and current requirements, the penetration of the helical
perturbations to the plasma center and the subsequent effect on
the central transport, and the successful demonstration both of
the feasibility of producing ergodic edge layers on tokamak
experiments and their utility in impurity control for those
experiments.
The fourth proposal is to bury the helium ash in some
portion of the surface of the vacuum vessel [17].
The
attraction of such a scheme is that removal of the helium with
either a divertor or a pumped limiter requires 100,000-2 00,000
A/sec of pumping, with large pumping ducts and penetrations of
the vacuum vessel, blanket, and shield.
The actual helium
production rate is small compared to the number of atoms in the
tokamak wall (2 x i o 2 0 He atoms/sec vs 1 o' atoms), and could be
pumped by burial or implantation quite easily. The basic idea
is to trap the helium ions or neutral atoms by ion implantation
as they strike the target plate as ions or are reflected as
neutrals from the target plate to strike a pumping surface near
the target plate.
The optimum material to be used for the
pumping surface would be vanadium, nickel, or another materials
which have a low mobility for helium and a high mobility for
hydrogen. The helium would stay buried, and the hydrogen would
diffuse to the surface, recombine, and leave the surface. To
prevent helium saturation of the pumping surface, new surface
layers would have to be laid down periodically.
The fifth proposal is to use liquid metal layers on the
divertor plates
to protect the plates and extend
their
lifetime. The liquid would be a low melting point, low-Z metal,
such as lithium, which would flow across the divertor plate, and
protect the divertor plate. While this proposal has a number of
attractive engineering
features, the uncertainties in the
behavior of the liquid metal layer under the large heat and
particle fluxes expected during the operation of INTOR are
large. The plasma-metal layer interaction is the major focus of
the present studies for this proposal.

FUTURE STUDIES

INTOR

The confidence level for the poloidal divertor system for
has been enhanced by the recent studies, and by the
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success of poloidal divertor experiments. The "high-recycling"
regime is relatively well understood theoretically.
The
experimental performance of poloidal divertor9 has also been
excellent.
There are, however, theoretical studies that
indicate that the present highly inclined divertor plates for
INTOR may not be optimum for high recycling operation [18], An
additional consideration not yet included in the models is the
role of impurity radiation in the divertor chamber, which is
present in the experiments, and should reduce the peak heat
loads. Additional studies are underway for this effect. Other
unresolved
issues still remain for divertors.
Improved
confinement has been observed with divertor operation, but the
scaling of the improved confinement and its behavior with long
pulse operation needs to be established.
The coupling of ICRF
waves to divertor plasmas also needs experimental study.
The
impact of disruptions on divertor plates warrants further
study.
There are also indications that central peaking of
impurities may occur during H-mode operation.
Another important area for theoretical and experimental
investigation is the transport of impurities along the field
lines in a diverted plasma, including the effects of sputtering
by helium ions and unthermalized hot ions from the main plasma
edge region.
The issues with limiters include the success (or lack of
success) in providing impurity control in such large, high power
tokamaks as JET, TPTR, JT-60, and TORE-Supra.
Recent results
are quite promising. There also exists some possibility of the
operation of a "high-recycling" limiter [19],
Resolution of many of these issues is part of the ongoing
experimental programs of many tokamaks.
Experiments with
divertors prototypical of INTOR are underway on D-III-D and will
be done
on ASDEX-upgrade
and Alcator C-MOD.
Divertor
experiments are part of the programs on JT-60, JET, ASDEX, and
PBX, and divertors are part of the base designs of CIT, NET,
PER, TIBER, and OTR.
Theoretical work will take the direction
of using models with better and more realistic geometries,
better boundary conditions, impurity transport, and better
coupling of the nonlinear interaction of the plasma and neutral
gas.
There will be continued emphasis on the comparison of
experiments and theory.
Pumped limiter experiments will be carried out on TEXTOR
(ALT-II), TORE-Supra, and D-III-D and analyzed to further the
understanding of the operation of pumped limiters.
These theoretical and experimental studies will lead to the
continued evolution of designs for the INTOR impurity control
system.
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DISCUSSION
R. W. CONN: Two-dimensional fluid calculations of flows in diverted plasmas
show, in high recycling cases, that reversed flow out of the divertor can occur on
the flux lines near the separatrix. This would carry any impurities generated in the
divertor back into the main chamber. I believe a number of calculations show this,
including your own. What are the implications of this for the INTOR design, and will
design changes have to be made?
D.E. POST: The general approach for INTOR had been to minimize the impurity production by use of a high recycling divertor. Experimentally, the impurities
produced at the plate appear not to get into the main plasma. Theoretical studies of
the impurity transport in the scrape-off layer are underway. Experimental results with
divertors often do show impurity problems which are attributed to improvements in
the particle confinement time. On balance, however, present assessments of divertors
for INTOR, including the results presented at this meeting, strongly support the
choice of a divertor for INTOR.
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Abstract
INTOR: OPERATIONAL LIMITS AND CONFINEMENT.
A summary is given of the work being done at the INTOR Workshop in the areas of operational
limits and confinement of tokamak plasmas. This includes a continuous assessment of the database as
well as consideration of innovative concepts.

1. INTRODUCTION
In Phase Two A, Part III, of the INTOR Workshop a working
group was formed to assess the status of tokamak physics in
the areas of operational limits (i.e. limits to the plasma
beta, plasma density and safety factor) and confinement and
also to analyse possibilities for improvements in these areas.
The latter point includes consideration of innovative concepts
whose development might require more time than is available
for a next-step device like INTOR.
With respect to the status of tokamak physics, the
working group can draw on the results of the data base
assessment performed during Phase Two A, Part II, of the INTOR
Workshop [i]; see also [2]. New results obtained in tokamak
experiments and theory are evaluated as they become available.
Of course, the pace of progress here is set by that of the
tokamak programme. As far as innovative concepts are
concerned, the working group has defined a number of tasks,
mainly in the field of beta limits in tokamaks, which are now
being investigated, to evaluate their potential.
In the following a report on the present- status of the
work is given.
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2 . BETA LIMITS

A considerable number of tokamak experiments in a wide
parameter range have led to the conclusion that there is an
operational limit to the plasma beta, 3 m a x , depending on the
discharge parameters according to
) - C I(MA)/a(m) B(T)

(1)

where I is the plasma current, a is the plasma minor radius, B
is the confining magnetic field and C is in the range
C <= 2.8 to 3.5

(2)

[i].
This
finding
is generally
consistent with the
predictions of ideal MHD stability analyses for circular and
moderately D-shaped plasmas. In fact, fitting the theoretical
results for the stability limit with respect to both ideal
ballooning and low-n kink modes also yields the scaling (1)
with
C = 3 to H

(3)

for optimized profiles [i]. There is no explicit proof,
however, that the operational limit encountered in experiments
is actually due to an ideal MHD mode becoming unstable.
While no dependence of C on the confinement regime or on
the heating method applied was found in experiments, recent
results on ASDEX [3] showing a time dependence of the beta
limit on the time scale of current diffusion confirm that C
depends on the current density profile j(r). The beta limit
sometimes is disruptive and sometimes manifests itself as a
degradation of confinement. The reason for this difference is
not yet understood.
Emphasis is at present being put on improving the
theoretical analysis of the impact of the plasma shape and the
plasma profiles on ideal MHD beta limits. Specifically, work
is under way to extend the theoretical studies of ideal MHD
beta limits to larger plasma elongation and triangularity,
including indented plasma cross-sections. In addition, the
potential, for enhancing beta, of flat current profiles with a
safety factor on axis, q0, appreciably above 1 as well as of
operation at q0 < 1 is being assessed. In this study attention
is being paid to the possibility of operating in the second
stability regime of ideal ballooning modes.
Preliminary results indicate that the scaling (1) with C
in the range (3) is valid for the beta limit with respect to
both ballooning modes and the n=1 kink mode for
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triangularities
aspect ratios

K < 1.8
6 < 0.5
1.5 < A < 4.
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and

This applies to current profiles with q 0 both somewhat
above and somewhat below 1 as long as the safety factor at the
plasma edge, qa, is larger than 2. For q 0 > 1, the optimum
profiles are characterised by low shear in a wide central
range and maximum shear at the plasma edge, while the pressure
gradient is only large where shear is low. This result tends
to confirm earlier conjectures [^]- Experimentation with
plasmas having profiles of such a kind is presently limited to
short pulses in screw-pinch devices. For q 0 < 1, finite shear
and vanishing pressure gradient are required within the q = 1
surface to stabilise the internal m = 1/n = 1 kink mode, while
shear at the edge can be modest. In this case the improvement
in beta relies on the possibility of reducing q a along with
q 0 . An important question is thus whether in this situation
the sawtooth properties and the stability of the m = 2 tearing
mode, critical for the appearance of disruptions (see Sect.
3), are favourable.
For close to circular plasma shapes an improvement of C
by 50 % above the aforementioned value is possible [5J.
However, since in this case I/aB remains comparatively small,
such shapes remain unattractive from the point of view of
plasma beta limits.
More extreme plasma shapes with larger elongation K = 2
and
triangularity (6 = 0.6 to 0.8) and some indentation
(i< 0.1), are now being studied. Recently "crescent" shapes,
have been predicted to enhance the beta limit with respect to
ideal ballooning modes to values corresponding to C = 5 to 6
[6]. The stability limits for the n = 1 kink modes are, however, not yet explored and a conducting shell on the outboard
side of the plasma might be necessary to achieve stable plasma
operation at high beta. Of course, shape control is also more
demanding in this case. Work was initiated to provide more
complete data on the ideal MHD beta limits for these shapes.
The second stability regime of ideal ballooning modes is
attractive not only because it might permit operation at
higher plasma beta, but also because it allows a larger aspect
ratio and lower plasma current. However, instability of
external
kink
and
resistive
modes
is
a
concern.
Theoretically, the regime was found to be accessible for
strongly indented plasma shapes (i :> 0.2) [1,7] as well as
for circular and D-shaped plasmas, provided that qoJS1-5
[8,9]. This implies quite demanding control requirements for
either the plasma shape or the current density profile. An
experimental demonstration of the actual existence of such a
regime would be essential to provide a basis for judging the
possibilities that it may offer.
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3- LIMITS TO DENSITY AND SAFETY FACTOR
The operational limit to the plasma density encountered
in tokamak experiments is usually expressed in terms of
Murakami-Hugill parameter
M • n e (10 19 m~3) R(m)/B(T)

(H)

n e being the average electron density. The maximum value of M
that is achievable can be written in the form [1 ]
M

max " «'<»

(5)

where q is the safety factor at the plasma edge and g is a
coefficient that
(i)
(ii)
(iil)
(iv)

(v)

is about constant for q > 3, at least in ohmic
discharges [1];
tends to decrease around small integer values of
q, in particular for q =• 2 [i, 10 ];
decreases with increasing impurity content of the
plasma [ 1 ];
increases with increasing additional heating
power P, typically like P 1 / 2 but when additional
heating is applied, there appears to be also a
dependence on B [1, 11 ];
increases with the central peaking of the density
profile, which can be generated by, for example,
pellet injection [12, 13].

However, there are quantitative differences in different
experiments which are not covered by these dependences. The
safety factor q is sometimes identified with the inverse
rotational transform and sometimes used in "cylindrical
approximation" then representing a measure of the current
density.
In
addition,
a generally
accepted
detailed
explanation of the phenomena causing the density limit is
still lacking.
The highest value of M so far achieved is 17. It was
reached in Doublet-Ill in a discharge with Ti gettering and
neutral beam heating at q = 2 [ 1 ^ ].
Not considering special cases like devices with a closely
fitting shell around the plasma, tokamak operation is limited
to safety factors at the plasma edge of

both for limiter and divertor discharges [1,10].
The density and q limits are generally disruptive. MHD
activity at the plasma edge with the m=2 tearing mode playing
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an important part precedes plasma disruption. At the density
limit the power balance at the plasma edge also is an
important factor. In particular for plasmas with an
appreciable impurity content and for not too small values of
q, the density limit can be related to radiation losses
becoming equal to the heating power, and a cool plasma edge
layer with or without poloidal asymmetries can form
[15 - 18].
From this behaviour it can be hoped that controlling the
m=2 mode may not only prevent hard disruptions, but also makes
it possible to extend the accessible density range in clean
discharges with intense heating. Low shear around the q = 2
surface is beneficial.

1. CONFINEMENT
Knowledge of the confinement properties of tokamak
plasmas is rapidly increasing. As a general trend, confinement
is degraded in tokamaks, as compared to purely ohmically
heated discharges, when additional heating is applied, except
for very low plasma densities [i]. This, however, does not
necessarily mean that there is actually a fundamental
difference between the impact of ohmic heating and other
heating schemes on plasma confinement. Clearly, there are
different confinement regimes when additional heating is
applied,
which
are
related
to
different
profile
characteristics, e.g.
(i) the "low confinement" or L regime, present in
"normal" limiter discharges and in divertor discharges with
low heating power and/or high edge radiation in which the
electron temperature profiles are fairly peaked;
(ii) the "high confinement" or H regime found in divertor
discharges, in particular at higher heating power, characterised by a high edge temperature and a broad temperature
profile;
(iii) a regime in which the density profile is peaked and
recycling is kept low in limiter discharges and in which also
improved confinement properties are observed [19].
Also in high-density ohmic discharges peaking of the density
profile by pellet injection creates an alternative plasma
state with better confinement properties [12,13 3 Power losses are generally dominated by electron heat
conduction. This appears to be comparatively low in the
central region of the discharge, where the magnetic shear is
small. Normally energy transport here is, to a large extent,
caused by sawtooth collapsing; if sawteeth are suppressed or
just before sawtooth collapse, often strongly peaked
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temperature profiles are observed (see, for example, refs.
[19,20]). Further outside, in the so-called confinement
range, the shape of the electron temperature profile is
difficult
to
change
("profile
consistency"
[21]),
particularly in large devices and for higher heating power

[22 - 27].
To make further progress, a clearer picture of the
conditions leading to the various confinement regimes and a
better understanding of the transport mechanisms prevailing in
them is needed. In particular, the role of the current and
density profiles, the importance of the plasma edge conditions
(temperature, density, shear), the way in which plasma heating
affects confinement and the impact of plasma size must be
elucidated to identify the key parameters that govern
confinement in tokamaks. A specific point important in this
context
is to separate clearly high-beta effects from other
parameter dependences, especially from those due to the
electron temperature or temperature gradient.

5. PROFILE OPTIMISATION AND CONTROL
Profile control is expected to be a means for optimising
tokamak plasma performance. It may be a necessary or at least
a
desirable tool for achieving operation at high beta and
high density, for controlling disruptions as well as for
enhancing confinement. However, the requirements to be
fulfilled for these various aims are not definitely clear and
certainly to some extent contradictory.
To reach high beta operation, it would appear that
keeping qo somewhat above 1 and providing low shear in a wide
central range of the plasma, which allows a moderately wide,
centrally peaked pressure profile, remains a promising option.
This tends to contradict the need for low shear and high edge
temperature to minimise the MHD activity at the plasma edge
and, concomitantly, the probability for the occurrence of
disruptions. A trade-off will therefore be necessary.
Operation at qo < 1 is of interest in this context, although
it necessarily implies that qa is small likewise.
For good confinement one can anticipate that a high edge
temperature is needed, that sawteeth have to be controlled and
that low shear is beneficial. This again points to equilibria
similar to those required for reaching high plasma beta, but
good thermal insulation of the plasma edge must also be
ensured. Critical issues in this picture are that some
sawtooth activity may be needed to avoid impurity accumulation
and that high-density operation and disruption control must be
achieved at the same time. Moreover, in a reactor, for power
exhaust a high edge plasma density appears to be necessary to
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allow divertor operation in the high-recycling regime. On the
other hand, optimisation of confinement is critically
important only to reach ignition, hence at modest beta, while
during operation at high beta and with high nuclear heating
some confinement degradation is not only acceptable, but is
actually needed to ensure steady-state burn.
Active control of the current profile, at least if needed
for times longer than the skin time, requires non-inductive
current drive. Density profile control can be provided by
pellet
and/or
neutral beam injection. The technical
constraints (power to be injected, efficiency, accuracy
requirements) of the control systems will be an important
issue when profile control scenarios have to be developed.
In conclusion, while profile control is expected to play
an important part in optimising plasma performance in
tokamaks, optimisation of scenarios for reactor operation and
the definition of specifications of control devices will have
to be based on a more detailed knowledge of the impact of
profile effects (plasma current, density and temperature) than
at present available.
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INTOR: HEATING AND CURRENT DRIVE.
Heating and current drive are critical issues for the INTOR Workshop during Phase Two A.
The paper summarizes design studies for heating and current drive, reviews the experimental and
theoretical status, describes various kinds of modelling and their application to INTOR plasmas,
and deals with design and R&D needs.

1. INTRODUCTION
The fast wave in the ion cyclotron range of frequency (IC) was selected as
the reference approach to heating up to ignition. The choice is based on the
potential technological engineering design and on the economic advantages of
RF systems with respect to a neutral beam system and on the fact that IC wave
heating is the most highly developed RF method and has shown satisfactory
heating efficiency. Neutral beam heating is the first backup option. Among
the various heating regimes in the IC frequency range, heating at the deuteron
second harmonic had been chosen as the most suitable regime, although other
heating methods, such as fundamental minority heating, have been widely used
and appeared to be promising. The total power requirement for heating to
ignition is 60 MW (including 10 MW for redundancy) at 85 MHz to be distributed among four modular launcher assemblies which are based on a loop antenna.
An electron cyclotron (EC) wave injection system was chosen as a necessary
component of INTOR for plasma formation and preheating through the radiation
barrier at the initial stage of the discharge, taking into account the limitation on
the maximum inductive loop voltage to be provided, as well as for forming a
current profile suitable for subsequent plasma heating with the IC wave. In fact,
the formation of the proper plasma current profile might prove essential in
realizing high beta plasmas in INTOR. Furthermore, there is a possibility of
suppressing the tearing modes and, hence, the disruptions, by local EC wave
heating. The parameters of EC startup assist and profile control are a frequency
of 140 GHz, a pulse length of 3 s, and a total power of 10 MW.
1
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Permanent address: Naka Fusion Energy Research Establishment, Japan Atomic
Energy Research Institute, Naka-machi, Naka-gun, Ibaraki-ken, Japan.
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231

232

FUJISAWA

The use of lower hybrid (LH) waves in INTOR was considered at the
outset for various functions (heating to ignition, current drive, startup assist),
but was not included in the reference concept. The main reason for this was
that LH wave studies were not sufficiently advanced for extrapolation to reactor
conditions. It was, however, recognized that the use of LH waves for current
drive was the most promising choice. Although the use of LH waves for current
drive during the burn pulse was estimated to require too high a power for INTOR
parameters, application for current rampup and sustaining the current during
transformer recharging was reasonable. The potential attractiveness of LH
waves, in particular for current drive applications, is considered sufficiently high
that special emphasis has been given to it during Phase Two A.
2.

PLASMA HEATING TO IGNITION

2.1. Experimental status
Considerable progress has been made since the start of Phase Two A in
clarifying and verifying specific aspects of IC heating physics. Specifically,
detailed information on coupling, absorption, and thermalization of the wave
energy,has been gathered from a variety of experiments. These experimental
results have been used to verify existing theoretical models, to a certain extent,
and they have further raised the confidence level for the use of IC heating in INTOR.
The Faraday shielded loop has remained the most widely used method of
coupling to the fast wave in present day experiments. Typical experimental
values of the coupling efficiency range from 80 to 95%, depending on the specific
coupling geometry. The device size and plasma density in these experiments are
sufficiently large that no isolated eigenmodes can be observed in most, though
not all, devices. Moreover, the wave damping rate is strong enough to preclude
the formation of toroidal eigenmodes.
Results of high power experiments have been reported which tend to
qualitatively confirm the mode conversion/minority heating model in TFR,
JFT-2 and T-10. Notably, PLT has achieved remarkable heating results to date,
in a D-3He plasma with 3He as a 5-10% minority. Direct second harmonic
heating of the majority species has also been achieved, with efficiencies
comparable to those for the minority heating regime.
Associated with these heating results is a degradation of the energy
confinement, which appears to be highly device dependent. For the highest
power results on PLT, the confinement time decreases moderately from Ohmic
values as the applied auxiliary power is increased. Another aspect of the effect
of IC heating on confinement is observed in the electron heating results. The
application of power causes an increase in the sawtooth amplitude and period as
observed in JET and PLT. While this heating can be roughly accounted for by
collisions with ions, direct heating of the electrons by the waves may also take
place.

IAEA-CN-47/G-I-5

233

All IC heating experiments to date have indicated an increase in the plasma
impurity level and consequent radiation losses. Impurities were thought to
originate from the walls and limiter but also, to some degree, from the antennas.
To reduce the impurity influx level, an appropriate choice of the Faraday shield
material was made in many devices. After installing carbon shields and limiters
in TFR, the intensity of metallic impurity radiation was reduced ten times, and
peripheral low-Z radiation increased by a factor of two. There are several likely
causes of this impurity generation; further work is, however, necessary to
clarify the causes of impurity generation and their possible suppression.
2.2. Modelling
On the basis of the growing body of experimental information, considerable
progress in the development of the theoretical model has also been made during
Phase Two A. In particular, the discovery that wave absorption is sufficiently
strong that the wave power is nearly completely absorbed on a single pass
through the resonance zone has led to widespread use of the single pass model
to predict heating results in large tokamaks. Refinements of this theory have
been made, including the effects of a finite sized (3D) antenna geometry via ray
tracing or global wave solution techniques. Once the waves have been absorbed,
thermalization of the wave power has been modelled by one- and two-dimensional
Fokker-Planck codes including the effects of RF induced velocity space diffusion.
The power absorption profile having been determined in this way, the results are
used in conjunction with one-dimensional transport codes to assess the IC heating
results and the effects of heating on plasma confinement.
Modelling has been carried out for the case of 3He minority heating, which
is facilitated by strong absorption at the cyclotron layer. In the limit of small
concentration, ray tracing or even single pass absorption models have been
applied to produce the IC power deposition profile. Such a model, coupled
with the Fokker-Planck and radial transport codes, has, with some success, been
used to model results in PLT. Both the spatial localization of the IC power and
the equipartition of the energy among the plasma species have been found to be
in agreement with the experimental results. In the second harmonic heating
regime, simulations based on one-dimensional velocity space models have
indicated that electron heating should become significant and comparable to
the ion heating as the temperature is raised above a critical value. This feature
is consistent with the experimental tendency on JFT-2M, although some
discrepancy exists on the details of wave absorption.
The overall agreement with the existing experimental results is good, as far
as equipartition of the RF power among the various plasma species is concerned,
although many details of the experimental observations remain unmodelled, such
as power deposition profiles, plasma-wall interaction and the generation of
impurities.
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TABLE I. BENCHMARK SINGLE PASS ABSORPTION CALCULATIONS
FOR INTOR
(Parameters: RQ = 5.3 m, circular equivalent cross-section with a = 1.52 m,
50:50 D-T mixture, no impurities, parabolic profiles of plasma temperature
and density with finite pedestal, f = 85 MHz. kj = 10m" 1 , antenna outboard,
symmetrical about midplane, angular range: within ±40°)
Power fraction
absorbed in
single pass
AS
S

Part of absorbed power
going to
deuterium electrons tritium

Case 1:
T(r = 0) = 2 keV, T(r = a) = 0.02 keV;
n e (r = 0) = 0.S X 10 20 m"3, n e (r = a) =

= 0.5 X 10" m' 3
EC (torus, geometrical optics)

USSR (slab, geometrical optics)
Japan
US (slab, wave equation)'

0.078
0.135
0.08

86
99.4
95
92.8

14
0.5
4.6
7.2

0
0.1
0
0

0.99
1.0
1.0

46.5
57
44
44

53.5
42.8

56
56

0
0.2
0
0

0.997
1.0
1.0

24.6
36.3
19
19

75.4
63.7
81
81

0
0
0
0

0.993
1.0
1.0

25.1
36.3
19
19

74.9
63.7
81
81

0
0
0
0

Case 2:
T(r = 0) = lOkeV, T(r = a) = 0.1 keV;
20
3
n e (r = 0) = 2X 10 m" , ne(r = a) =

= 2X10"m-3

EC
USSR
Japan

US
Case 3:
T(r = 0) = 20keV,T(r = a) = 0.1 keV;
20
3
n e (r = 0) == 2X 10 m- , ne(r = a) =

= 2X 10" m"3

EC
USSR
Japan

US
Case 4:

T(r = 0) = 20keV, T(r = a) = 0.1 keV;
2O
3
n e (r = 0) = 2Xl0 rrr ,n e (r = a) =
= O.5XlO"m- 3

EC
USSR
Japan
US
* Fine structure in ki.
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Modelling applications to INTOR encompass coupling, propagation and
damping of the fast wave. These results are then incorporated into a FokkerPlanck code, coupled to a one-dimensional radial transport code to predict the
overall heating expected in INTOR.
A comparison of single pass calculations has been made by using models
formulated by each of the participants; the results are shown in Table I. Overall
agreement was achieved on the relative equipartition of RF power among the
various plasma species. Further studies indicated that second harmonic heating
of deuterium can be dominated either by direct electron heating at sufficiently
high k|| values or by minority proton absorption if a small concentration of
hydrogen is present as an impurity. For direct deuterium heating, it was observed
that the proton concentration must be kept below a specific value. The optimum
k|| for heating during the pre-ignition phase is found to be 2 to 5 rrT 1 , which can
be accomplished by the 2 X 2 array planned for INTOR.
Global field models have been developed, including the effects of mode
conversion, finite sized (3-D) antennas and toroidicity. Global field solutions
for the D-T-H case in INTOR indicate adequate radial focusing of the wave
power accomplished-by localized absorption near the proton fundamental
cyclotron layer, as is shown in Fig. 1. Power deposition tends to be peaked
but heating is smoothed by radial transport. Ignition is expected to be reached
within the planned heating time of 6 s. Because of the relatively high density
and large plasma volume, ion tail formation is expected to be minimal, provided
excessive wave focusing is avoided. In this model, no explicit degradation of
confinement with IC power was assumed.
2.3. Launcher design
The INTOR bulk heating system using IC waves is required to provide a
power of 6 MW (including 10 MW for redundancy) for 10 s at a frequency of
85 MHz, using a minimum number of access ports. The wave mode injected
into the plasma is the fast magnetosonic wave: the slow mode must be suppressed
by an electrostatic shield (Faraday screen) to avoid heating of the plasma edge.
The requirements for the wave spectrum to be launched have not yet been fully
clarified.
There are four candidate launcher concepts for this heating system:
(1) a ridge loaded waveguide, (2) a U-slot, (3) a resonant cavity, (4) a loop
antenna. Four general areas were considered in evaluating the suitability of
these concepts for INTOR: three interface issues (plasma, device and transmission),
and the overall impact on the design. The results of the evaluation are summarized
in Table II.
In general, design studies indicate that a loop antenna and a ridged waveguide
array are technically promising, but a great development effort is required. The
concept of a ridged waveguide array requires the demonstration of good coupling
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to the plasma for large RF power. For the loop antenna concept, the selection
of materials and the precise shape of the conductors for the Faraday shield as
well as the optimum position of the ceramic vacuum window remain to be
resolved. A more detailed optimization of the conceptual designs as well as a
better database to come from the R&D studies are necessary before a reference
choice of an IC launcher for INTOR can be made.
2.4. Additional R&D needs
While the basic physics underlying IC heating is considered to be generally
well understood in the ongoing programmes, many details of the heating process
as well as the effect of heating on the confinement remain to be clarified. In
addition, major technological improvements are required to permit the use of
higher power levels under the expected edge conditions in INTOR.
Specifically, in the following physics areas additional research is needed:
(a) scaling of confinement with IC heating, including effects on ion transport,
fast-ion losses, stability, impurity control, and edge phenomena, (b) scaling of
wave absorption, including the effects of electron absorption, alpha particle
absorption, k\\ optimization of the launched spectrum, and competition between
resonant ion species.
Additional technological development is required in the following areas:
(a) the development of reactor compatible launchers, including Faraday shields
with attention to the problems of heat removal, radiation damage, power
handling capability, voltage breakdown, maintainability, and component
longevity, (b) the development of generator and transmission line components
for long pulse and high power levels.

3.

STARTUP ASSIST AND PROFILE CONTROL

3.1. Startup assist
In earlier INTOR phases, an RF system for startup assist appeared to be
required, because of the limitation of the maximum loop voltage that can be
provided by a superconducting transformer solenoid. Recent experiments on
JET have shown that if a maximum inductive loop voltage of 35 V is provided
(as foreseen in the reference startup scenario for INTOR), there would be no
need for an RF startup system. Nonetheless, since a further reduction in the
loop voltage would allow the simplification of the design of the transformer
and of the discharge chamber, EC startup assist remains an important point of
interest.
Experiments on plasma formation with EC waves were done in various
toroidal systems, both tokamaks and stellarators. In the tokamak experiments,
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it was demonstrated that, by using low microwave power densities (typically,
20 to 100 kW-rn"3), the filling gas could be ionized and heated up to a bulk
temperature of about 10 eV. The densities of the plasma thus produced span
a wide range, typically from 10 18 to 2 X 10 1 9 m" 3 . Further increase of the
power generally leads only to a very small improvement in plasma quality,
because of the lack of confinement in a currentless tokamak. In the experiments
done on small and medium sized devices, a two to four times reduction of the
loop voltage required for startup was observed in the presence of EC waves.
This reduces the number of runaway electrons leading to a decrease in the hard
X-ray emission as well as in the impurity radiation during RF assisted startup.
In recent experiments on the WT-2 and JIPP T-IIU tokamaks, current rampup
was done with LH waves applied to a target plasma produced by EC waves,
without applying an inductive loop voltage.
To describe the startup phase of INTOR discharges, 0-D models are used
which differ in the details of treating losses during the ionization stage. These
models typically underestimate energy losses and yield significantly higher
values of the electron temperature at the beginning of current rise than those
achieved in experiments. Additional, ad hoc losses having no clear physics
justification are therefore added to cure this discrepancy. Such an approach
provides results which fit the experimental results, but extrapolation to INTOR
with such models remains unsatisfactory. Computer simulations of the initial
current rise show that for INTOR reference conditions the maximum loop
voltage does not exceed a value of about 20 V, provided an RF power of about
5 MW is applied during 0.2 s. The resistive voltage is only a few volts. To
determine, however, the minimum inductive loop voltage, as well as the EC
power required in INTOR for startup assist, further work is necessary in
refining the model and checking it against experiments.
3.2. Profile control
Recent studies of plasma heating by EC waves in medium sized tokamaks
are of significant interest for the INTOR project, in particular, in the light of
the possibility of controlling the profile of plasma current and pressure and
thereby affecting the MHD activity of the plasma column. The parameters of the
plasma in present devices are similar to those expected during startup in INTOR,
so the experimental results in these devices allow extrapolation to INTOR. In
addition, the most advanced EC wave technology available at present is used in
these experiments.
Two tokamaks operating with gyrotrons of higher frequency (Doublet III
and T-10) have recently demonstrated efficient plasma heating with input power
levels of about 1 MW. Both experiments show high heating efficiency (the power
absorption in T-10 is 70 to 75% of the launched power) and relatively insignificant
deterioration of the energy confinement with respect to the Ohmic regime.
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Experiments on Doublet III and T-10 also confirm the possibility of controlling
the MHD activity by means of EC heating. An effect of the position of the wave
resonance on the sawtooth oscillations was observed on both. In T-10, heating
just outside the m = 2 resonant magnetic surface led to a sharp decrease in the
amplitude of MHD oscillations. Thus, the experiments indicate a possibility of
suppressing the m = 2 mode, which is responsible, according to current thinking,
for the development of disruptions by local EC wave heating.
Combination of geometrical optics with linear wave damping along the ray
allows the calculation of the power deposition profile across the column. Calculations of this kind for specific systems are now in common use. Variations of
the toroidal magnetic field, plasma density, temperature, and current can be
taken into account. The comparison of results of linear absorption theory with
experiments carried out at low (less than Ohmic) EC power levels shows
reasonable agreement although, so far, no thorough analysis of non-thermal
effects has been carried out. The T-10 experiments on m = 2 mode stabilization
are in qualitative agreement with the theoretical expectations, but a quantitative
comparison is still lacking. Transport code simulation of a local EC heating
effect on sawtooth oscillations reasonably fits the Doublet III experiment.
The model included ray tracing using the cold plasma dispersion relation,
relativistic local power absorption, and 1-D energy transport; it failed, however,
to describe effective heating of plasma with a density above the critical value
for high power launch into Doublet III, while there was acceptable agreement
for low input power.
3.3. Launcher design
The electron cyclotron startup assist system for INTOR is required to
provide a power of 10 MW for 3 s at a frequency of 14 GHz in the ordinary
wave mode. The main components of this system are the gyrotrons, the
transmission line and the coupling system.
A few different concepts of the launching system for INTOR were
proposed. In one concept, quasi-optical power transmission over a distance
of about 100 m by oversized waveguides of large cross-section (500 X 1000 mm 2 )
with metallic mirrors at the bends, and a coupling system with tunable mirrors
have been considered. This concept offers the possibility of placing the
gyrotrons outside the torus hall, of providing more flexibility in beam deflection
in the plasma, and of potentially smaller power losses in the transmission line.
Double ceramic gas cooled windows are proposed to serve as vacuum and
tritium barriers. However, transmission of EC waves by a quasi-optical system
does not yet have a database.
The design studies performed show the basic feasibility of an EC wave
launcher meeting the INTOR requirements. A more detailed analysis of assembly
and maintenance, of wave physics issues, and of reliability in conditions of large
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neutron and heat loads will have to provide the basis for the choice of an
optimum launching system. The most critical technical problem is the development of a reliable window for the transmission line, apart from the necessity of
providing RF power generators of high efficiency for the frequency range in
question.
3.4. Additional R&D needs
The successful completion of the ongoing programmes on using EC waves
in tokamaks appears to be able to provide a level of physical understanding
sufficient for INTOR. Determining the scaling, with the machine size, of the
power necessary for plasma profile control to stabilize MHD modes requires
specific emphasis. On the contrary, none of the EC experiments, either existing
or currently under construction, addresses the problems of long component
lifetime and operation under conditions of thermonuclear burn. Therefore, in
addition to the existing programmes, the following development work is
necessary: (a) studies of materials properties under these conditions, foremost
the search for a suitable window material, (b) design and experimental tests
of long power transmission lines (waveguide optimization, tests of quasi-optical
systems), (c) development of a fault protection system.

4.

CURRENT DRIVE

4.1. Experimental status
A great effort was made to investigate LH current drive in steady and
transient states. The experimental (normalized) current drive efficiency, at
constant current and in the absence of an electric field, was found to be
19
3
T? CD = n(10 nT )R(m)I p (MA)/P(MW) » 1 in the best cases (ALCATOR-C,
ASDEX, JFT-2M, PETULA, PLT, T-7). In the presence of a small residual
electric field (loop voltage: 0.1 V) in the current direction, in PETULA an
enhanced current drive efficiency of 7}CD « 3 was observed. The duration of
non-inductive current drive is only limited by the capability of the power
sources and has reached several seconds. The largest currents sustained by
LH waves are 400 kA in PLT and ASDEX. In PETULA, under appropriate
current drive conditions, the excitation of the m = 2 mode could be strongly
reduced, allowing for disruption free operation of discharges with a safety
factor, at the limiter, as low as q a «* 2. The suprathermal population extends
up to the largest parallel phase velocities of the waves excited (a few hundred keV),
and a substantial population of this kind is always created under current drive
conditions, even if the wave spectrum injected does not extend down to close
to the electron thermal velocity, i.e. to high N|.
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Current rampup by LH waves was demonstrated in various devices
(ALCATOR-C, ASDEX, JIPP-T II U, PLT, WT-2). The conversion efficiency of
RF energy into poloidal magnetic field energy depends on the experimental
conditions, and values of up to 25% were reached. In the presence of an electric
field along the current, current rampup is considerably more efficient than when
the electric field is absent or in the opposite direction, although the separation
of inductive and non-inductive effects for this case is still under investigation.
In ASDEX, a first convincing demonstration of sustaining the plasma current
by LH waves during transformer recharging was given. A transformer flux of 0.2 V- s
was generated for over 1 s, corresponding to an average negative loop voltage
of 0.2 V, applied by ramping up the current in the transformer coils.
4.2. Modelling
As a theoretical basis for describing LH wave coupling, Brambilla's linear
theory provides the basic information on the coupling efficiency and the spectrum
in N|| that is launched. Wave propagation can be predicted from the dispersion
relation, by using a WKB approach including ray tracing techniques.
The theoretical basis for describing LH current drive quantitatively is
Fisch's quasi-linear theory which in its original form is limited to steady state
conditions, vanishing DC electric field and strong wave excitation. For the
(global) normalized current drive efficiency, taking into account that the
accessibility condition limits the wave spectrum in NJJ which can penetrate into
the plasma from below to Ny > 1.5, this theory yields, as a maximum value for
clean plasmas (Z e f f « 1): T? CD =R (10 19 m- 3 )R(m)I p (MA)/P(MW) = 2 to 3.
Still higher current drive efficiencies might be possible for optimized shapes
of the wave spectrum.
In the steady state current drive in the absence of a DC electric field, below
the critical density for switchover of the wave coupling to the ions, the current
drive efficiency well follows the above scaling, but in absolute terms the experimental results, as was mentioned, rather correspond to TJQO *» 1 than to the
maximum value of TJ^D = 2 to 3, as predicted by theory. Experimentally,
a substantial suprathermal population is always found, which covers continuously
the velocity range from a few times the thermal velocity up to the velocities
resonant with the waves, even if the wave spectrum as calculated does not
extend to high Ny. Various mechanisms are under consideration to explain
this phenomenon. Direct measurements of the wave spectrum in the plasma
would be necessary to clarify this problem. The results of the theoretical
analysis of current rampup experiments and current sustainment during
transformer recharging are consistent with the experimental findings, although
the models have been based on different simplifying assumptions. A more
detailed comparison of the models among themselves and with experiments
is necessary to develop a satisfactory understanding of the underlying physics.

IAEA-CN-47/G-I-5

243

The above mentioned models were applied to INTOR. Three different
models were used. All of them are 0-D in space. One is based on the quasilinear evaluation of current drive in the absence of an electric field and includes
a power balance and circuit equations. The two others contain electric field
effects. One of them again uses a (one-dimensional) quasi-linear approach for
evaluating kinetic effects and includes a power balance, while in the other the
plasma temperature is taken to be a free parameter and kinetic effects are
treated by a two-dimensional test particle model. Nevertheless, the obtained
results converge to a considerable extent.
The possibility of non-inductive current drive during plasma burn, to allow
for steady operation, although most desirable, remains uncertain, because the
database for current drive in high density plasmas, requiring comparatively
high wave frequencies, is still very limited. Extrapolating present experimental
and theoretical results to INTOR reference conditions would lead to very high
power requirements.
In contrast, non-inductive current rampup and current maintenance during
transformer recharging at low plasma density and temperature have been confirmed
to be promising. Then, inductive current drive during burn over 1000 s, or more,
becomes a possibility with the present transformer capability of INTOR, allowing
for a duty cycle approaching 90%. The additional physics risks of this scenario
lie in the extension of the burn pulse length to the global classical skin time of
the discharge without a means of controlling the current density profile being
available, in the necessity of low density operation for rather long times where
a high density/low temperature divertor plasma cannot form and the plasma is
transparent to neutrals, and finally, in the problems related to the still incomplete
understanding of lower hybrid current drive in the presence of an electric field.
Therefore, it is recommended that INTOR be prepared to work with this
advanced scenario if it proves to be viable, but INTOR should remain able to
reach its objectives with purely inductive current drive and a burn pulse length
of 200 s.
It is recommended to include a lower hybrid system with the following
specifications in the INTOR concept: power of 20 MW, frequency range of 0.5
to 2 GHz, pulse length of CW, N\\ of 5 to 3 (to be optimized; for lower frequency,
a large N|| is admissible).
4.3. Launcher design
Different types of launchers for the lower hybrid waves have been considered
during the INTOR study. All are based on the same principle, i.e. that of the
conventional grill, a phase array of open waveguides stacked along their broad
sides with apertures facing the plasma as used in present experiments. In the
launcher design, the requirements to be met are considered, such as specification
of the launched spectrum, RF matching of the launchers to the edge plasma,
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RF power consideration, vacuum and tritium barrier, and mechanical stability
of the configuration.
4.4. Additional R&D needs
There are no physics fields which are not covered by the ongoing and
planned programme. This includes startup assist and current initiation, in
particular, the development of a theoretical basis, the details of wave penetration
and coupling to the ions in the ion heating regime, and the impact of high power
LH launch on the edge plasma.
On the other hand, beyond the ongoing engineering R&D programmes,
it is necessary to make a special effort in two areas: (a) the development of
vacuum windows for the waveguides, complying with the constraints of a
reactor environment, the requirements of tritium containment, and the presence
of a large number of separate waveguide feeders; (b) the development of techniques of waveguide conditioning for waveguides working under reactor conditions
and, in particular, close to the thermonuclear plasma.

5.

CONCLUSIONS

On the basis of the studies carried out in the present phase of the INTOR
Workshop, IC heating at the deuteron second harmonic (85 MHz) is selected
as the reference method for heating to ignition (50 MW, plus 10 MW for
redundancy). The conclusion of the modelling effort is that central power
deposition is likely throughout the heating phase. While the Ohmic phase in a
pure D-T plasma is not expected to exhibit single pass absorption, the presence
of a small amount of hydrogen will, in fact, provide complete single pass
absorption even in the Ohmic case; this will, however, cause hydrogen absorption
to dominate throughout the heating phase. In launcher studies, attention was
focused on the use of a Faraday shield with its associated requirements for
heat removal and hardening to radiation and particle bombardment. At the
present stage in the investigation, experimental data exist only for the loop
antenna although the ridged waveguide appears to have potential technical
advantages.
An EC startup assist system remains a desirable, if not necessary, component
of the INTOR design. In addition, the same system might be useful for providing
current profile control during the Ohmic phase of the discharge, aiding in the
prevention of disruptions and the achievement of high beta values. The present
status of experimental and theoretical investigations suggests that using electron
cyclotron waves is the most proper choice for this purpose. Conceptual design
studies of EC wave launchers show that such systems meeting the INTOR
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requirements could be built, provided some critical components are developed
in a timely manner.
Using lower hybrid waves in INTOR is not a reference option, but remains
an attractive option. As far as non-inductive current drive applications are
concerned, lower hybrid waves are the most highly developed method, and
their use on a tokamak reactor does not appear to encounter major technical
obstacles, although both in physics and in technology more work is needed to
assess all constraints.
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DISCUSSION
M. PORKOLAB: I am inclined to disagree with you that the problem
with lower hybrid current drive is that it is limited to low densities. From
Alcator C, which I described in my paper, and from our previous results, it is
clear that current can be driven even at densitiesHe ~ 1 X 1020 m~3 if the
frequency is high enough. Our studies indicate that the limiting factor for LH
current drive will be electron temperature. Accessible lower hybrid waves will
be absorbed in reactors at Te ~ 10 keV, which will restrict the waves towards
the outer edge regions.
N. FUJISAWA: Thank you for the comment. We really need more data
before we can finally establish that point.
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Abstract
CONCEPT AND PARAMETERS OF NET.
The objectives, main features and reference parameters of NET are presented. The
physics assumptions on which the device is based are described. Possible alternative options
that could enhance performance and illustrate the range of working conditions under consideration are also touched upon.

1. OBJECTIVES OF NET
The Next European Torus (NET) is conceived as an
experimental fusion reactor to follow JET after completion of
its mission in the European Fusion Programme. It is aimed at
demonstrating the feasibility of fusion energy production in a
plant based on the tokamak principle which integrates all
essential components and technologies of a fusion reactor
[i].
This
implies
that
NET has both
physical and
technological objectives.
The physical objectives are to produce a plasma with
parameters and performance relevant to a fusion reactor. This
includes
generating an ignited plasma in a controlled way, and
operation with extended (up to 1000 s) and reproducible
burn pulses.
In general terms, the technological objectives consist of
an integrated test of reactor components and systems as well
as engineering tests and development of in-vessel components
(plasma-facing components such as the first wall and power
exhaust devices, as well as blanket modules). Specifically,
they can be summarized as
selection and qualification of design concepts which meet
the basic performance requirements of a demonstration
reactor,
testing of materials and components in an integrated way
in a fusion environment,
testing of tritium and power extraction under reactorrelevant conditions,
demonstration of the maintainability of a fusion reactor,
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demonstration of plant reliability at levels relevant to
a demonstration reactor, and
demonstration of the safe and environmentally acceptable
operation of a fusion reactor-like plant.

A total neutron fluence of about 0.8 MWa/m2 and a
neutron flux of about 1 MW/m2 onto the first wall are judged
to be necessary to achieve these objectives. The physical
objectives will be addressed in the first phase of NET
operation, during which a neutron fluence of the order of 0.1
MWa/m2
will be produced. Significant testing of the
components of the basic machine will also take place during
this phase. In particular, the performance of the plasmafacing components will be assessed. Moreover, first tests of
blanket modules will be performed. The later phases of NET
operation will be concerned with an extended performance
testing of the NET components and medium term endurance
testing of blanket sections.
2. CONCEPT EVOLUTION AND TIME SCHEDULE
Work on NET was started in 1983. After a definition
phase, during which various concepts and parameter choices
were investigated, pre-design work is now under way for two
variants of a reference concept. In addition, some effort is
being dedicated to the analysis of alternative options
(parameter choices and operation scenarios) with the aim of
further enhancing the performance characteristics of the
device. Development of the reference concept will keep abreast
of progress in tokamak physics and technology. It is
anticipated that in the preparation of NET there will be two
important check points: in 1989 before a detailed design can
be started, and in 1993 before construction of the device is
proposed. Such a schedule would lead to commissioning of the
device at the end of the next decade.
3. REFERENCE CONCEPT AND PARAMETERS
Before selecting the reference parameters of NET
extensive optimization studies were performed. In these
investigations scoping studies done with the system code
SUPERCOIL [2,3] which took the main physical and technical
constraints into account were combined with quite detailed
design studies for a number of different parameter sets.
A system integration scheme that allows assembly and
disassembly of in-vessel components in the oblique direction
from the top of the device was chosen (see Figs 1 and 2)
since this allows the overall size of the apparatus to be
minimized. Both the toroidal and the poloidal magnetic field
Coils are superconducting. The superconducting material of the
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FIG. 1. Reference device NET SN (cutaway model).
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FIG. 2. Reference device NET DN (cross-section).
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16 toroidal field coils is l^Sn, while the poloidal field
coils could be made of Nb Ti or f^Sn.
The reference choice for the plasma shape as well as for
control of plasma-wall interaction and for power and particle
exhaust is an open poloidal divertor configuration (see Fig.
2). Large elongation and triangularity of the plasma column
are adopted. The variants being considered relate to the
plasma and divertor configurations: the NET DN reference
concept
has an up-down
symmetric
plasma
column and
consequently a double-null divertor, whereas NET SN has a
single-null divertor, the plasma column being asymmetric.
The main working assumptions adopted for tokamak plasma
performance are:
(i)

the maximum plasma beta that can be reached is
3

(ii)

max

i%)

= 3>5 I

(MA)/a("l)

the maximum electron density n

B(T)

5

obtainable is

6

n

(iii)

e,max

(m *) = 1.6X1(T U B(T)/R(m);

the minimum for the safety factor
qj = 5 K 2 a(m) 2 B(T)/R(m) I(MA)
that can be admitted is
q

l,min " 2 - 1 ;

(iv)

operation at the optimum temperature
T = 10 keV
is possible (the ion and electron temperatures
being about equal);

(v)

the confinement capability of the device is
such that
P /Pn
= 2.9
a loss
for a power loss PiOss from the plasma extrapolated with the ASDEX H-mode scaling in the
form proposed by Gruber [n], i.e.
TE(S)

= 0.1 I(MA) R(m);
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the toroidal field ripple at the outboard
plasma edge must not exceed
6

max

= ± 1.5 %

(maximum compared to
average field).

In the preceding relations the symbols,used have the same
meaning as in Table I; the quantity K = <p dl/2na is a form
factor characterizing the shape of the poloidal cross-section
of the outermost closed magnetic surface.
The reference operation scenario relies on inductive
current drive, the burn pulse having a duration of at least
200 s and possibly up to 1000 s. The times needed for start-up
and shut-down are 25 s each. A dwell time of 20 s between two
consecutive discharges is taken. In accordance with this
scenario the number of pulses needed to reach a neutron
fluence of 0.8 MWa/m 2 is set at 1 0 s .
The divertor configuration is formed before heating to
ignition starts [ 5 ] . It is anticipated that, during the burn
pulse, the divertor operates in the high-recycling regime.
This requires the plasma density at the edge of the discharge
to be rather high ; typically 0 . 5 M 0 2 ° / m 3 , if a large fraction
of the power is to be exhausted into the divertor. Under these
conditions, the most demanding requirements for the first wall
and the divertor plates result from the occurrence of
disruptions although the disruption specification adopted is a
"mild" one: the duration of energy quench is taken to be 2 ms
and that of current decay 20 s, the frequency of occurrence of
disruptions under routine operation conditions being as low as
10~ 3 . Another critical issue is peaked loads on the first
wall due to localized losses of fusion a-particles, which
could be quite high for the toroidal field ripple limit
specified above [ 6 ] .
The main configuration and plasma parameters of the NET
DN and NET SN reference devices are given in Table I.
H. ALTERNATIVE OPTIONS
With
the
reference
options
as
starting
point,
alternatives and additional variants are being investigated to
analyze possibilities of enhanced performance as well as the
flexibility inherent in the reference devices with respect to
configuration and size of the plasma and the operation
scenario. Specifically, it is being considered whether it is
possible to accommodate a larger plasma with higher plasma
current and allowing various plasma configurations (double and
single-null D-shaped configurations as well as mildly indented
plasma columns) in the NET DN reference device reducing the
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TABLE I. MAIN CONFIGURATION AND PLASMA PARAMETERS
OF THE NET REFERENCE OPTIONS NET DN AND NET SN
NET DN

NET SN

5.18

5.79

Plasma major radius

R (m)

Plasma minor radius

a (m)

1.35

1.53

Plasma elongation

b/a

2.183>

1.6i/1.83a)

Plasma triangularity

Y

0.65a)

0.29/0.71a)

Aspect ratio

A=R/a

3.8

3.8

ra3)

390

110

Total radial machine size

V2 R (m)

21.10

23.50

Total machine height

Ht(m)

11.00

12.80

Magnetic field on axis

B(T)

5.0

5.8

maximum on coils

Bm(T)

10.1

11.6

Toroidal field ripple ^

& (%)

+ 1.2

± 1.5

Plasma current

I (MA)

Plasma volume

1

t

Safety factor

10.8

9.9

2.1

2.1
10

Average burn temperature

T (keV)

10

Average DT density

fi^dO^/m3)

1 .20

Average electron density
c)
Murakami parameter

He (10V) 1.56

1 .17

M(10l Vm2.T) 16

15

1.13

3.5

3.5

5.6

3.9

DT beta

1.2

2.9

Poloidal beta

1.12

1.39

Beta scaling factor

g

Total beta

B

tot

(?)

600
fus ( M W )
120
P (MW)
a-particle power
a
3
P(MW/m
)
Fusion power density
1.53
r
fus
2
Average neutron wall loading Q n (MW/m )
Fusion power

Confinement capability

P

C=P /P..
a loss

Confinement time during burn T E (S)
Burn time (minimum)

,„<•)

2.9

d)

625
125
1.12

d

L>

2

2

200

200

a) based on location of null point; for NET SN lower half.
b) at outboard plasma edge; maximum compared with average
field
,
1Q
c) defined as M = H e d O 1 9 m" 3 )R(m)/B(T).
d) based on ASDEX H-mode scaling [ i ] .
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TABLE II. CHARACTERISTICS OF NET DN WITH ENHANCED
PLASMA SIZE

Plasma major radius

R(m)

5.41

Plasma minor radius

a(m)

1.68

Plasma elongation

b/a

2.17

Plasma triangularity

Y

0.61

Aspect ratio

A = R/a
V (m )

600

Magnetic field on axis

B(T)

4.8

Toroidal field ripple

&(%)

±3.4

Plasma current

I (MA)

14.8
2.2

Safety factor

Average DT density

T(keV)
H D T d0

ryiO

10

20

20

Average electron density
c)
Murakami parameter

M(10

Beta scaling factor

g

Total beta

e tot (*>

DT beta

B DT (*>

19

3

/m )
3

An )
2

/m -T)

1 .64
18.5

1.2

Fusion power

Pfus(MW)

a-particle power

P (MW)

1000
200
3

p"us(MW/m )
2

Average neutron wall loading Q (MW/m )
Confinement capability

1.26

3.5
6.4
4.8

Poloidal beta

Fusion power density

a)

3.2

3

Plasma volume

Average burn temperature

a)

C=P a /P nloss

1.7
1.4
4.4

d)

a) based on location of null point.
b) at outboard plasma edge; maximum compared with average
field.
c) defined as M = n e (10 19 m"3) R(m)/B(T).
d) based on ASDEX H-mode scaling [ 4 ] .
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thickness of the blanket/shield structure [7]. This is of
interest in particular for the first phase of operation
dedicated to physics investigations. The characteristics of
such a case are given in Table II. The possibility of using
ferromagnetic inserts to reduce the toroidal field ripple at
the plasma edge is being studied [8], to avoid enhanced
losses of highly energetic ions. Note also that the density
limit tends to become more critical in this case. The use of
noninductive current drive to extend the burn pulse duration
is also under consideration. This includes an assessment of
the potential and the implications of applying non-inductive
current
drive
for current
ramp-up and/or
transformer
recharging at low plasma density to enhance the inductive
voltseconds available during burn [7].
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DISCUSSION

B. COPPI: There are several parameters of merit that those of us who have
been involved in the design of ignition experiments consider as an indication of
the confinement quality of the plasma column produced by a given machine.
One of these is I p B p or 'confining strength', where I p is the plasma current
and B p the mean poloidal field. From your list of parameters, NET would have
IpBp < 10 MAT, which is well below the values prescribed for both the
Ignitor and the CIT designs in order to have n 0 r E > 2.5 X 1014 s • cm " 3 . For
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example, I P B P can be as high as 45 MA-T in the Ignitor design, for qy «=< 2.8.
My question is what new plasma regimes can this machine produce that JET
cannot explore?
F. ENGELMANN: On the basis of present knowledge, a definitive
quantitative prediction of the confinement capability of reactor grade devices
is not yet possible. However, NET has a larger plasma current I p and a larger
magnetic field B than JET. Applying NET physics assumptions, the confinement
capability scales as IpBR/a, which for the NET reference options is larger by a
factor of 15 than for JET when operated with a separatrix bounded plasma.
While this opens up reasonable prospects for reaching ignition in NET, it is in
fact not impossible that more precise knowledge in the future of the actual
operational limits — in particular, the plasma density and possibly the plasma
temperature - and of plasma confinement might require a modification of the
parameters of NET. Such an adjustment is possible within the framework of the
NET time schedule, as presently envisaged.
B.G. LOGAN: Can you use lower hybrid current drive in the full steady
state NET option, or will you need other current drive methods?
F. ENGELMANN: I would definitely not rule out the possibility of using
lower hybrid current drive. In fact, in present day experiments the observed
current profiles appear to be centrally peaked, in contrast to the results of
model calculations. However, other current drive methods may well be needed
to provide the desired current profile.
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Abstract
A COMPACT IGNITION EXPERIMENT.
A national design team, with representation from essentially all of the major US fusion laboratories, has developed the conceptual design for a compact tokamak device to build on the good results
from existing tokamak experiments. This device is called the Compact Ignition Tokamak (CIT), and
has the mission of 'realizing, studying, and optimizing ignited plasma operation'. The features of this
are compact size, liquid nitrogen precooled copper coils producing about 10 T toroidal field and about
10 MA plasma current at plasma elongations of two, divertor and limiter operation, and ICRF heating.

Relatively small, high field tokamaks as represented by the
Alcator devices have been very successful in obtaining excellent
plasma parameters with relatively low cost. For some years, it
has been advocated that a high density, high field approach would
be an effective means for studying the physics of an ignited
plasma^' >2'. During the past two years, an extensive study of the
physics and engineering issues of this class of devices has been
conducted in order to evaluate their feasibility. Based on this
effort, we have concluded that a tokamak, the Compact Ignition
Tokamak. (CIT), with the following parameters, would have the
performance necessary to study the physics of burning plasmast
Units
Major Radius
Minor Plasma Radius
Plasma Elongation
Plasma Current
Peak Divertor Plate Heat Flux
Toroidal Field
Toroidal Field Flat-Top
Plasma Burn Time
Plasma Current Ramp-up Time
Neutron Wall Loading at 300 HW
Fusion Power
Toroidal Field Energy Requirement
Poloidal Field Energy Requirement
Combined Peak Power for TF 6 PF Coils
ICRF Initial Installation
ICRF Future Capability
Number of Full Field Pulses
Number of 70% Field Pulses

m
m
MA
MW/m2
T
s
s
s
MW/m2
GJ
GJ
MVA
MW
MW

Limiter

Divertor

1 .324
0 .427
2 .0
10

1 .339
0.412
2.1
9
5.0
10.27

10.39
4.2
3.6
5.8

7.5
2.8
1 .7
650
10
20
3000
50000

The primary physics requirements for CIT are that it achieve
ignition with a burn time of about ten times the energy
confinement time for at least three thousand full powered pulses,
and be operable with both a limiter and divertor. Achievement of
small radius is facilitated by the requirements for pulse length
and number of full-power pulses, which have been relaxed relative
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FIG. 1. Isometric of CIT device in its compact cylindrical test cell. Included are the 'igloo' shield and
the remote handling mechanism for the hardware internal to the vacuum vessel.

to previously studied fusion engineering test facilities.
The
relatively
short TF
flat-top
(12 times estimated
energy
confinement time) can be accommodated by a magnet design in which
temperatures rises adiabatically during the pulse. The minimum
number of full-power burn pulses has been set to 3.000, but the
experiment is capable of operating 50,000 pulses at 70% of the
full field and current, limited in a practical sense by the
operating span of the machine, which is less than ten years. In
order to achieve the minimum major radius, it has been necessary
to utilize liquid nitrogen precooling of the magnet in a manner
similar to the Alcator-C and the Frascati FT (high-field compact)
tokamaks now in operation.
The need to recool between pulses,
coupled with the short TF flat-top pulse, results in two
operational changes relative to the majority of present-day
tokamaks; namely, a restriction of one to two full parameter
pulsea per hour and the requirement to ramp up the plasma current
concurrently with the toroidal field.
Figure 1 shows the CIT
device inside its cylindrical test cell.
The CIT mechanical configuration is based on the following
structural approaches, chosen from a number of alternatives
studied during the first phase of the conceptual design; (1) use
of an external frame and hydraulic press to apply sufficient
preload to the TF coil to support the vertical separating force on
the TF magnet and thereby minimize the stress in the inner leg of
the TF coil; (2) use of wedging in the inner TF legs to support
the inward load on the TF coils; (3) us« of a gap between the TF
coil inner legs and the central ohmic heating (OH) coil, to assure
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structural independence of the two systems; (4) use of coppersteel laminated conductors in the TF and OH coil in order to
optimize the conductivity/strength ratio of the conductors; (5)
use of an average stress criterion where the average TF stress is
allowed to approach 0.85 times of yield strength of the composite
material, in accordance with the guidelines for allowable stress
developed for externally supported structures having to perform
through a limited number of cycles; (6) use of partial coil cases
with significant horizontal access between coils to provide for
overall support against out-of-plane loads; and (7) the poloidal
field (PF) coil system i3 external to the TF.
A physics analysis based on existing experimental data has
been used to develop the primary physics parameters for the device
listed in the table.
Particularly important elements of the
experimental physics basis used in the design are the TroyonGruber1- ' beta
scaling and the Murakami' * density limit
scaling. A low edge q is specified (2.8) at a level consistent
with tokaraak experiments to maximize plasma current. The plasma
current is further increased by a relatively large elongation,
limited to c=b/a of about 2 by considerations of vertical
stability and operational experience on tokamaks.
A poloidal
divertor and a pellet injection system have been made part of the
CIT design to provide a margin for ignition, and to provide
impurity and particle control.
The confinement for CIT has been estimated using simple zerodimensional and sophisticated one and one-half dimensional
transport calculations with a wide variety of empirical and
theoretical transport scaling formulas ' .
One of the major
uncertainties of these scalings is the dependence of the energy
confinement time on the heating power.
To assure maximum
conservatism in the machine design requirements, it is assumed
that the full alpha heating power is used when the scaling
includes a negative dependence on heating power. These estimates
indicate that ignition is easily achieved using scalings for the
H-mode (Figure 2 ) . H-mode scaling should be applicable since the
CIT design contains a poloidal divertor
to allow H-mode
operation. The ignition margin ranges from acceptable to marginal
for the commonly accepted L-mode scalings.
Peaking the profile can increase the ignition margin for a
given global energy confinement time, or allow ignition for a
lower energy confinement time compared to relatively flat
profiles. A significant problem with peaking the profiles is that
the q = 1 surface is located at r ~ .6-.7 a, due to the low q at
the plasma edge (~ 2.8). Thus, sawtooth oscillations would be
expected to flatten the central portion of the density and
temperature profiles.
Time dependent transport calculations
indicate that a combination of off-axis ICRF heating, a carefully
tailored current ramp, and pellet fueling can produce a peaked
density profile sufficient to allow ignition with even very
pessimistic L-mode scalings.
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FIG. 2. Contours of constant auxiliary heating power required for steady state operation plotted on a
grid of average plasma density and temperature. The two zero power curves are the Ohmic heating
equilibrium, and the ignition contour. The operating region is likely to be bounded by a maximum density
and beta shown here and described in the text.

The auxiliary heating system Is designed to provide the extra
heating above the ohmic heating to reach the plasma temperatures
required for ignition.
The heating systems are to be staged.
Initially, 10 MW of ICRF is to be provided.
Should that prove
insufficient for ignition, another 10 MW of either ICRF or BCRH
will be added.
Fast wave ICRF has been chosen for the initial
system because it has demonstrated efficient ion heating at high
powers and can be implemented in a high density tokamak pla3ma
using rf sources currently available at reasonable cost.
The frequency range has been chosen to be 80-110 MHz. The
nominal
frequency is 90 MHz for full field operation with
minority "*He and second harmonic tritium heating which is the
reference heating method. Lower field operation will be possible
with minority *H and second harmonic deuterium heating.
The
single-pass absorptivity of the two primary modes has been
calculated from a one-dimensional mode conversion model1
to be
adequate for efficient plasma heating. The calculations indicate
that He absorption dominates second harmonic tritium when He is
present, but even when He is absent the residual second harmonic
tritium absorption is adequately strong over a broad range of
parallel wave numbers.
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Wave propagation studies show that the power will be
adequately focussed, and Fokker-Planck studies show that there
will be relatively little or no high energy "tail" formation due
to the high plasma density. The antenna design studies show that
the double resonant loop antennas recessed in cavities in the
vacuum vessel should be capable of adequate coupling to the plasma
at the power densities required for heating the plasma.
Detailed analyses show that operation with an elongation in
the range between 2.0 and 2.2 will allow stable operation of a 9
MA diverted plasma. The vertical instability, which has a vacuum
vessel stabilized growth rate of about 15 msec, is controlled by
two radial field coils located inside the TF. The plasma will
evolve from a circular shape at 500 kA to a diverted shape at full
current.
Analyses using optimized pressure and current profiles with
the PEST code indicate for a triangularity of .5 and elongation of
2, the theoretical beta limit for free boundary, n - 1, external
kink modes in high-n, internal ballooning modes is above 10%.
This is well above the Troyon scaling value (~ 6%) and provides
some margin for practical operation of CIT.
Analyses indicate
that the peaked pressure profiles produced by strong central alpha
particle heating between the sawtooth oscillations are unstable to
ballooning modes when a flat current profile is produced by the
strong sawtooth oscillations.
However, flattening the pressure
profile inside the sawtooth mixing radius can produce a stable
plasma with high beta's.
The high fusion power of CIT in a compact design poses severe
impurity control problems due to the high peak heat fluxes and the
large total energy to be handled. The problem is exacerbated by
the short radial decay length of .5-.6 cm expected for CIT
conditions.
The divertor plates and limiters are inclined
relative to the flux surfaces to minimize the heat flux, and
fabricated using carbon tiles which are not actively cooled.
Studies have indicated that the nominal peak heat loads are of the
order of 5 MW/m .
The double null poloidal divertor was chosen to provide
access to "H-mode" confinement and to minimize sputtering of the
divertor plates or limiters by operating in the "high-recycling"
regime in which a cool, dense plasma is produced by intense,
localized recycling and radiative losses near the divertor
plates.
Detailed calculations indicate that the CIT divertor
design can localize the recycling to maximize the probability of
obtaining good confinement with the H-mode.
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DISCUSSION
A. GIBSON: What outputs from the present experimental programmes do you
regard as essential prerequisites for funding approval of CIT?
J. SCHMIDT: Although we consider the present tokamak experimental
programmes as providing important information for developing the physics requirements for CIT, these results are not prerequisites for project funding. A physics
research and development plan has been prepared as a guide for the information that
would be of most value to the CIT project.
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Abstract
TOKAMAK REACTOR OPERATION SCENARIO BASED ON PLASMA HEATING AND
CURRENT DRIVE BY NEGATIVE ION BASED NEUTRAL BEAM INJECTOR.
The paper describes tokamak reactor operation scenarios based on plasma heating and
current drive by negative ion based neutral beam injectors (NBI). Applying the NBI system
technology to a next generation tokamak (e.g. FER in Japan) represents a reasonable step
originating from the present database. The overall heating and current drive efficiency of
the system is very high. The beam driven current profile is easily controlled by the system.
The impact of the NBI system on reactor structural configuration and maintenance is
favourable. In next generation tokamaks, quasi-steady state operation, which reduces cyclic
thermal and mechanical loads, is beneficial as compared to conventional pulsed operation.
In FER, it is also possible to demonstrate steady state operation with an energy multiplication factor Q of about 5. Moreover, steady state operation in power reactors with Q values
of more than 20 may be possible if the expected future progress in the system materializes.

1.

INTRODUCTION

The positive ion based neutral beam injection technology is well established [ 1 ]
and plays an important role in high power plasma heating of JT-60 [2]. Recent
experiments on beam driven current in large tokamaks [3,4] increase the
potentiality in applying the NBI system to next generation tokamaks. The
development of a high current negative ion source is essential for next generation
1
2
3
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FIG. 1. (a) Top view of FER and 500 keVnegative ion based neutral beam injection system;
(b) side view of NBI system.

neutral beam injectors, in order to achieve an acceptable efficiency at beam
energies in excess of 200 keV. A new concept of a negative ion based NBI system
with a beam energy E^ of 500 keV and an input power Pb of 20 MW is proposed for
heating and current drive in FER [5]. Applying the NBI system technology to
FER represents a reasonable step proceeding from the present database [5]. The
present paper describes operation scenarios based on the NBI system for next
generation tokamaks and power reactors.
2.

A 500 keV/20 MW NEGATIVE ION BASED NEUTRAL BEAM
INJECTION SYSTEM

At JAERI, the development of H ion sources started in 1983. So far,
an H" ion beam of 1.26 A/21 keV/0.2 s has been extracted at a current density
of 9.5 mA'cm" 2 through a. MX 26 cm2 grid system [6]. In parallel to the
development of the ion source, a negative ion based NBI system is proposed.
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The D" ions are produced by a volume production method and extracted by
DC acceleration. During the beam injection phase, the beam energy is variable
in the 200 keV to 500 keV range. The top and side views of FER and the
NBI system are shown in Fig. 1. This injector is characterized by a long, slender
neutralizer, which is 0.3 m wide and 30 m long. The required beam divergence
is 0.3° or 5 mrad. Judging from recent experimental results, such a low beam
divergence can be realized by using a volume D" ion source. A divergence of
0.8-0.9° was obtained in the present experiment, in spite of the low beam
energy of 18 keV. A divergence of 0.18° has already been obtained in a helium
injector, with a beam energy of 200 keV and a beam current of 3.5 A. The
thickness of the neutron shield for the NBI system has been estimated; this
corresponds to a dose value of less than 2.5 mrem-h" 1 , one day after shutdown
and following a two years' period of full power operation. The long, slender
neutralizer concept brings about a considerable reduction in the neutron damage of the
ion sources and in the required pumping speed. The total pumping speed is950m 3 -s" 1
for 20 MW injection, while that for the JT-60 NBI, for example, is 1400 m^s" 1
for 1.4 MW injection. Another feature is that the poloidal magnetic field from
the tokamak is used to deflect the unneutralized ions and the positive ions
towards the ion dump near the injection port. Therefore, no bending magnet,
which would occupy a large amount of space, is used in this design. If these
design concepts are adopted, the NBI system becomes more reliable, has a much
longer lifetime and is easier to maintain. Although the overall efficiency of the
system is 0.45, this value can be further improved by employing a plasma
neutralizer and/or an energy converter system.

3.

CALCULATION MODELS

To analyse beam driven current profiles and beam driven current efficiency,
the authors have developed an Orbit Following Monte Carlo (OFMC) code, which
calculates beam deposition and subsequent collisional evolution of the fast ion
trajectories in an axisymmetric tokamak with elliptical cross-section [7]. The
OFMC code is combined with a transport code, an equilibrium code and a
ballooning stability code to investigate the effect of beam driven current and its
power input on the beta value. The authors have also developed a current drive
code with the analytic solution of the 2-D Fokker-Planck equation, which yields
the current profile in a non-circular (ellipse, Dee, etc.) geometry [8,9]. This code
is calibrated with the OFMC code and mainly used for parametric survey.

4.

CURRENT PROFILE CONTROL

Current profile control is important for beta enhancement [10], control of
sawtooth oscillations and suppression of major disruptions. In the NBI system,
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almost no beam is neutralized at the neutralizer entrance, because of the low
system pressure. Hence, by changing the beam power profiles with horizontal
magnetic fields less than 0.03 T, produced by coils in the beam profile controller
shown in Fig. 1, the beam driven current profile is easy to control. Figure 2
shows typical beam driven current profiles Jf BI corresponding to three beam
power profiles along a vertical direction at R tan g, which is the minimum major
radius along the beam path. The global beam driven current efficiency,
Ib[A]/Pp[W], and the beam shinethrough fraction, fs, are also shown. Figure 2
only shows the capability of current profile control because the target plasma
parameters are fixed. The upper and lower beam profiles with respect to the
equatorial plane can be controlled independently. The required total beam
driven current and its desirable profile, depending on the scenario, can be
obtained by combination of the individual current profiles as obtained in a few
units of the NBI system. The drift duct is 0.44 m wide and 1.2 m high at the
reactor entrance and 0.5 m wide and 2 m high at the first wall, respectively.
The drift duct does not seriously affect the reactor structure such as toroidal
field coils, shield structure, passive shell conductors, coolant channels and
electrical insulators for one-turn resistance.
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5.

QUASI-STEADY STATE OPERATION REDUCING CYCLIC THERMAL
AND MECHANICAL LOADS

In FER, a quasi-steady state operation scenario was proposed, based on
plasma heating and current drive by the RF system [11, 12]; various problems
were discussed [13]. In this operation, the plasma current is non-inductively
ramped up by LHRF. In the ignition approach phase, LHRF or ICRF is used
for plasma heating. In the burning phase, the current is inductively maintained
by the OH coils, and the plasma profile control is performed by ECRF. After
the burning, the current is ramped down to the former value and then noninductively maintained by LHRF in a low density plasma. During this phase, the
transformer coils are recharged. The engineering advantages due to introducing
RF assisted quasi-steady state operation were discussed [14] and can be summarized as follows: (i) reduction in machine size without decreasing the burn
time, and (ii) remarkable reduction in cyclic stress due to the overturning force on
the TF coil. The same engineering advantages are expected in the quasi-steady
state operation scenario based on the NBI system. In this operation scenario,
the NBI system only is used for heating, current drive and current profile control
during all phases except for the plasma initiation phase by ECRF, with about
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3 MW power and a current rise phase up to 2 MA as assisted by OH coils.
Figure 3(a) shows typical plasma parameters during the burn and recharge phases.
A beam input power Pb of 40.9 MW with an Eb of 500 keV is injected. Xenon
impurity is used to improve the current drive efficiency and to decrease the
recharge time. By fully using the prepared heating power for the
ignition approach, a relatively high density plasma can be used as a target
plasma. Thus, cold and dense divertor plasma can be obtained. The plasma
poloidal beta, 0 p , during the recharge phase is about one third of that of the
burn phase. If the plasma current is reduced from 5.9 MA to 5.4 MA, the time
variation of the overturning force on the TF coils can be reduced significantly [14].
The heat load on the divertor plate during the recharge phase is about half
that of the burn phase, which leads to a reduction in the cyclic heat load on the
divertor plate as compared to pulsed operation. The shinethrough fraction, fs,
is 0.2. To reduce the heat load due to shinethrough beam particles, a parametric survey was performed. Figure 3(b) shows the n e dependence of beam
driven current It,, electron temperature Te and fs. The injection power Pb
is fixed at 40.9 MW. Figure 3(c) shows the P b dependence of I b , Te
and fs. The plasma density is fixed at 1 X 1019 m~3. Figures 3(b) and (c)
suggest that 2 X 1019 m~3 is a preferable value of the target plasma density,
from an engineering viewpoint, even if a higher injection power is necessary.
6.

STEADY STATE OPERATION

6.1. Steady state operation for next generation tokamaks
We now consider the steady state operation scenario for FER, using the
heating power prepared for the ignition approach. Figure 4(a) shows an
equi-contour map for minimum heating power, Pb [MW]. The plasma temperature and density profiles are assumed to be T(r) = T(0)[l + (r/a) 2 ] 0 - 6
and n(r) = n(0)[ 1 + (r/a) 2 ] 0 - 5 , respectively. The beam energy E b is 500 keV.
Figure 4(b) shows the relation between the Q-values and the other plasma
parameters, corresponding to the contour denoted by the dash-dotted
line in Fig. 4(a). The Q-value includes the fusion output due to beam-target
interaction. The dotted line in Fig. 4(b) is the contour corresponding to the
Troyon beta scaling, expressed as 0 cr = CTl[MA]/a[m]Bj[T], where I, a and
BT are plasma current, plasma radius and toroidal field strength, respectively.
In this case, Or, the coefficient of the Troyon beta scaling, is assumed to be 5.
This value is to be expected when the current profile is controlled [10]. If the
total beta value, /?T, is restricted by this Troyon scaling, the attainable Q-value
in FER is about 5. The pressure due to suprathermal alpha particles and ion
beam particles amounts to 40 to 50% of the total pressure. Figure 4(c) shows
an example of self-consistent plasma profiles, when the beta value is enhanced
by current profile control.
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6.2. Steady state operation of power reactors
Let us, next, consider the requirements for steady state operation in power
reactors (R o = 6.75 m, a = 2 m, K = 1.6) [15]. This machine scale is pertinent
for a net electrical output of about 1000 MW(e), within reasonable beta limits.
The beam energy, E b , is assumed to be 1 MeV, which seems to be reasonable
after the 500 keV injection system will have been completed for the next
generation tokamak. Where should the operation point be fixed? The beam
driven current efficiency is good in high temperature and low density plasmas,
for any given beta. High plasma temperature (about 35 keV) ensures maximum
Q-values, but the fusion output is rather small, within certain beta limits. On
the other hand, low temperature (about 10 keV) ensures maximum fusion
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output. In this case, however, most of the fusion output is spent for the NBI
system. In the present situation, the net electrical output seems to be an
appropriate indicator in evaluating the performance of a power plant, because of
the complexity and/or the uncertainty in evaluating the busbar cost [8]. An
electron temperature, T e , of about 20 keV ensures maximum net electrical
output. Figure 5(a) shows the Op dependence of the Q-value and other parameters.
The plasma density and temperature profiles are assumed to be n(r) = n(0)[l+(r/a) 2 ] an
and T(r) = T(0)[l + (r/a) 2 fT ) respectively. In Fig. 5 (a), a n = 0.3 and a T = 1
are adopted. The influence of the density and/or temperature profiles on the
Q-values is shown in Fig. 5(b). A broad density profile gives a relatively lower
Q-value than a peaked density profile, when the total beta value is fixed at almost
the same value. In Fig. 5(a), the beam driven current can be decreased in accordance
with the enhancement of the critical beta value, under conditions of constant
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plasma temperature and density, i.e. constant fusion output. This results in a
reduction of the beam input power, P^ and, hence, in an increase of the Q-value.
It is expected that Cj for tokamak plasmas with conventional cross-sections is
improved more than twice as compared to the normal case [10], since the current
profile can be controlled by the NBI system. In addition, a maximum field
strength on the TF coil, B m a x , of 16T may be possible with the expected future
progress [ 16]. As a result, a Q-value of more than 20 will be realized, and a net
electrical output of more than 700 MW(e) is expected, with an overall efficiency
of 0.5. In Fig. 5(a), toroidal and poloidal beta values are also shown. The
pressure due to suprathermal alpha particles and ion beam particles amounts to
30 to 40% of the total pressure, which may improve MHD stability and raise
the critical beta [17]. In addition, if the bootstrap current can be considered
to be a realistic aid in the current drive of a steady state tokamak [4] the
required power for current drive will be reduced.
7.

CONCLUDING REMARKS

The operation scenario, based on plasma heating and current drive by
negative ion based neutral beam injectors, has been proposed as one of the
operation scenarios for FER. Applying the NBI system technology with a beam
energy of 500 keV to FER represents a reasonable step originating from the
present database. The system is used for plasma heating, current drive and
current profile control. The quasi-steady state operation by the NBI system
realizes nearly steady state condition for the reactor structural components.
Steady state operation can also be demonstrated by using an injection power
of 40 MW, prepared for ignition approach. Q-values of about 5 can be expected
in this steady state operation if the Troyon beta scaling coefficient is increased
from 3.5 to 5. According to the numerical results, this beta enhancement can
be realized when the beam driven current profile is controlled. The control of
the current profile is easily performed by the system. The NBI system favourably
affects the reactor structural configuration and maintenance. The steady state
operation scenario in a power reactor is also considered. The beam energy
for the NBI system in the power reactor is assumed to be 1 MeV. This value
seems to be reasonable, after the 500 keV injection system will be completed
for FER. The critical beta value for tokamak plasmas with conventional crosssections is expected to be improved by more than twice, as compared to the
normal case, when beam driven current profile is controlled by the NBI system.
In the steady state operation of a power reactor with fixed fusion output, the
current required for equilibrium and stability can be reduced when the critical
beta value is increased. This results in a reduction in the required beam power
and, hence, in an enhancement of the Q-value. In addition, if the maximum
field strength on the TF coil is increased from 12 to 16 T, a Q-value of more
than 20 is realized, within a reasonable beta value.
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DISCUSSION
R.J. GOLDSTON: Perhaps you could describe for us the status of the
negative ion based neutral beam programme at JAERI?
S. YAMAMOTO: As I mentioned, up to now we have extracted an
H" ion beam of 1.26A with a current density of 9.5 mA-cm~2 at 21 keV,
lasting 0.2 s. A test stand with a beam energy of 75 keV and beam current of
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5A has been completed at JAERI. We plan to construct a test stand with a
beam energy of 500 keV and beam current of 25A for the FER tokamak.
R.W. CONN: The beam line system, I must say, begins to make the
tokamak look like an inertial confinement device. My questions are, first,
whether you have determined the cost of this NBI system, in yen per watt
delivered to the plasma, including the cost of the long neutralizer tube and
the shielding, and second, whether you can give the reasons why you prefer
negative neutral beams to an ICRF system, which would be more compact and
probably less expensive?
S. YAMAMOTO: We have no precise cost data for the negative ion based
neutral beam system. The NBI scenario is presented as one of the operational
scenarios for FER. This NBI scenario is very attractive. Applying the NBI
system technology to FER represents a reasonable step forward from the present
database. However, to make the FER project more successful, work related to
both NBI and RF scenarios will be continued until the point where a decision
on FER construction can be made.
B. COPPI: The parameters of FER that you have given lead to values
of IpBp, where I p is the plasma current and B p is the mean poloidal field, as I
mentioned in my comment on Dr. Engelmann's paper this morning (see
paper H-I-l in these Proceedings, this volume). This indicates a relatively low
confinement quality when compared to ignition experiments currently being
designed. What values of n^rg do you expect FER to produce?
S. YAMAMOTO: My presentation reports plasma parameters for the
beam driven steady state operation of FER. The optimum plasma parameters
for the steady state are different from those for a self-ignited plasma. In FER,
a global energy confinement time is assumed to follow the INTOR-Alcator or
the Mirnov scaling law. However, the confinement properties for steady state
operation are less important than those for a self-ignited plasma.
B.G. LOGAN: On the basis of the TFTR results, you would obtain a much
improved Q if you considered bootstrap current amplification, even by a modest
factor, at /3p « 1.
S. YAMAMOTO: Thank you for your comment. I think it would be useful
to calculate the beam drive current plasma profile self-consistently, taking
account of the bootstrap current.
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Abstract
INTERNATIONAL LARGE COIL TASK: TESTING OF THE LARGEST SUPERCONDUCTING
TOROIDAL MAGNET SYSTEM.
The Large Coil Task is an international collaboration of the United States, Euratom, Japan and
Switzerland to develop large superconducting magnets for fusion reactors. The first tests of all six coils
were begun in February 1986 when the 420 tonne test array was cooled to 4.2 K. Each of the heavily
instrumented coils was tested alone to full design current. Heat perturbations (recovery, simulating
nuclear heating, or current sharing temperature measurements) to investigate design limits were carried
out. All six coils have been tested in the full array to 100% design current, producing an 8.1 T maximum
field. All the coils have been energized simultaneously to 8 T midplane field, and they have performed
very well without quenching.

Research sponsored by the Office of Fusion Energy, United States Department of Energy,
under Contract No. DE-AC05-84OR21400, with Martin Marietta Energy Systems, Inc.
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INTRODUCTION

The international Large Coil Task (LCT) is a collaborative effort of the United States, EURATOM, Japan, and Switzerland to develop large superconducting toroidal field (TF)
magnets for fusion reactors [1] . The U.S. provides the test
facility at Oak Ridge and three of the D-shaped 2.5 x 3.5 m
bore coils; the other participants, one coil each. The LCT
project is unique in three aspects.
First, these are the
largest superconducting (SC) coils fabricated and tested to
date for research and development of SC magnets. All other
large magnets have been fabricated for a well-defined use in a
particular facility. Second, six widely different designs are
tested under similar conditions. Comparison of the operating
features between pool-boiling (PB) and forced-flow (FF) and
among the various performance features are inevitable and will
yield a wealth of information. Third, as the magnets themselves are the experiment, they are each heavily instrumented
with some 200-300 sensors and voltage taps and, consequently,
detailed information on thermal, electrical, and mechanical
performance has been obtained; some for the first time on SC
magnets of any size.
The facility is also instrumented
extensively, and additionally useful information is obtained
on the operation of a large cryogenic system.
Shakedown
operation of the International Fusion Superconducting Magnet
Test Facility (IFSMTF) and preliminary tests of the first
three coils already delivered were accomplished in 1984 [2,3],
Late in 1985, the assembly of the full six-coil toroidal array
was completed (Fig. 1) and cooldown of the 420-tonne test
array began. The test program was initiated in February, and
by June each of the six coils was successfully tested by
itself to full design current and maximum field on the conductor of 6.4 T. Since then the full six-coil array has been
energized and all six coils have been operated at full design
current and 8.1-T field. In the full array, the test coil is
operated to 100% current and 8-T field while it is sufficient
for the other five background background coils to be at
currents in the range of 72 to 91% of their design current.
Experiments were performed on all of the coils with intentional heat perturbation to determine some aspect of stability
(i.e., for either recovery tests, simulated nuclear heating,
or current sharing).
It is gratifying to report that all
coils have been charged to 100% design current without quenching. This paper will summarize the significant findings to
date.

2.

TEST FACILITY

The IFSMTF comprises the toroidal array of test coils,
with supporting structure in an 11-m-dia. vacuum tank, and
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FIG. 1. IFSMTF vacuum tank with all six coils in place, October 1985.

ancillary electrical, cryogenic, vacuum, control, and data
acquisition systems. The test stand is depicted in Pig. 1.
Test coils are attached through upper and lower collars to the
hexagonal bucking post and are clamped in torque rings at
their outer corners.
The "cold wall" consists of panels
cooled with liquid nitrogen, with surfaces covered by reflective blankets. During operation, the tank is maintained in
the range of 1 0 " s to 1 0 ~ 4 torr by two turbomolecular pumps and
a diffusion pump.
The facility refrigerator, which is rated at 1.5 kW at
4.2 K, supplies liquid helium at 4.2 K to three coils and the
test stand structure while circulating up to 300 g/s of helium
at 1.5 MPa and 3.8 K through the FF coils.
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Each coil has its own power supply, capable of 12 V and
currents of 16 or 25 kA.
The control system provides for
simultaneous, coordinated ramping up or down of the system
with different current ratios for each coil.
The quench
detection system is designed to cancel large self- and mutualinductance and thereby detect very small resistive voltages.
If a significant normal zone voltage is detected, the automatic control system initiates a rapid discharge of all coils
through external dump resistors.
Experimental data are acquired through four front-end
microcomputers (LSI-11) connected to a central processing
computer (VAX 780), which in turn is connected to a cluster of
computers and disk drives for data storage and analysis.

3.

COOLDOWN

The cooldown took one month, and aside from facility
problems at the start, it proceeded smoothly at an overall
average rate of about 0.4 K/h. This rate includes a holding
period to switch over from refrigeration to liquefaction to
build up a 10,000-L helium inventory and to change over the
cooling below 100 K to the turboexpander instead of LN 2 -cooled
helium gas. The cooling rate was limited by the available
mass flow and the allowable AT across a coil [4]. The cooldown was monitored by temperature probes on the winding and
case and by calculating the average winding temperature from a
resistance measurement of a small (5-A) constant current
flowing through the coil.
No undue thermal stresses were
created during cooldown, and no unusual thermal displacements
were noted.

4.

TEST COILS

Except for certain constraints on basic dimensions,
weight, and performance, each participant had a wide latitude
of freedom in the design of their coil. The coils are about
half the size envisioned today for tokamak fusion reactors,
but conductors are full size, carrying currents from 10-18 kA
at the design field. The coils by EURATOM (KfK), Switzerland
(SIN) and U.S.-Westinghouse (EU, CH, WH) are cooled by FF of
subcooled supercritical helium at 1.5 MPa. The coils by Japan
(JAERI), U.S.-General Dynamics, and U.S.-General Electric/Oak
Ridge (JA, GD, GE) are cooled by PB helium at atmospheric
pressure. The conductor for the WH coil is Nb 3 Sn; all the
others use NbTi. The GD coil is the only layer-wound coil,
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all others are pancake wound. Westinghouse used aluminum
plates for the structural support; all others used stainless
steel case.

5.

INSTRUMENTATION

No two coils contain all the same types or number of
sensors, but they all have voltage taps, thermometers, field
probes, compensation coils, strain gages, and resistance
heaters. Most have displacement transducers, pickup coils,
and acoustic emission sensors, and the FF coils have pressure
transducers. The WH coil has inductive heaters.
The Pt and carbon-glass resistance thermometers and
thermocouples are used to monitor cooldown and temperature
rise on dumps. The thin-film carbon resistance thermometers
are used to measure small excursions of conductor temperature
in stability tests of the PB coils. Both Hall- and magneticresistance probes are used for field measurements. The pickup
coils will monitor the pulse fields to be superimposed later
on the coils. Compensation coils are used in the quenchdetection system (QDS) to buck out self- and mutual-inductive
voltages to provide resistive voltages which, if large enough,
automatically trigger a dump protection system. Strain gages
on the conductor and case are used to measure both the tensile
and compressive strains.
Resistive heaters are used for
recovery and simulated nuclear heating tests (GD, GE, JA) ,
simulated nuclear heating (CH), and current-sharing temperature measurements (EU, WH) . Only the WH coil has inductive
heaters, which are used for recovery tests. The acoustic
emission sensors provide signals from both the winding pack
and structural deformation.
The moving coil displacement
transducers (MCDT) were used to measure overall change in the
coil bore dimensions during single-coil charging (solenoidal
forces), and the moving slug displacement transducers (MSDT)
are used to measure movement of the winding pack either to or
away from the structural support.

6.

TEST PROGRAM

The detailed test program was planned and agreed upon by
all the participants, including the responsibilities, organization, guidelines for arriving at joint decisions in difficult
situations, schedule, and testing steps. The tests performed
in 1986 were 100% design current tests of each coil by itself
(B
= 6.4 T ) ; low-current tests of partial and full array
foranecessary adjustment of the QDS and balancing of the power
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supplies for multicoil operation; and full-array tests to 100%
design current and 8-T field at the midplane (B
=
8.1-8.2 T ) . For both single-coil and full-array design point
tests, some form of heat perturbation tests (i.e., recovery,
nuclear heating, current-sharing temperature measurement) and
dump tests were performed.
In addition, the FF coils had
design-point tests made with varying amounts of flow and as a
function of inlet temperatures which could be lowered from
4.2 K to 3.8 K. Persistent mode operation [i.e., putting a
short in parallel with the dump resistor to provide a slow
discharge (time constant in hours instead of seconds)] was
also used selectively. In all cases the voltage transients on
initiating the persistent switch is of short enough duration
so as not to initiate any dump.
Subsequently, the power
supply could be matched to the coils to remove them from
persistent mode operation to obtain a controlled discharge.
In all cases, operation was smooth enough to avoid triggering
the sensitive QDS.

7.

DESIGN POINT TESTS

In discussing the various test results below only one
example will be given for each. Many detailed test results
were recently presented for each coil [5].
All six coils achieved their design current, albeit at a
maximum self-field of 6.4 T, without exhibiting any training.
Because of differences in design the 100% current level ranged
from 10,200 A to 17,760 A. The three PB coils and one FF (WH)
are cryostable, and therefore the results are not wholly
unexpected; however, two of the FF coils are adiabatically
stabilized (CH and E U ) , but no difficulty such as training was
encountered with either of them. They are both very stable
coils, which is a reflection of the rugged conductor and rigid
winding. These are the largest noncryostabilized coils ever
built and operated.
All six coils have been measured in full-array tests to
100% design current at 8-T field on the midplane of the
straight leg of the "D". The maximum field in the corner
region was therefore about 8.2 T. These are the largest
(2.5 x 3.5 m bore, 40-tonne weight, and stored energy of
100 MJ) superconducting magnets ever fabricated which produced
a field of 8 T. Figure 2 is a graph of all coil currents and
stored energy (E ) in two charges of the full array to 100%
design current in the GD coil. The five background coils only
needed to be charged to 77% design current in order to produce
8.1 T in the GD coil.
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FIG. 2. Current and stored energy of all six coils plotted against time in the historic charging of the
GD coil to 100% design current and 8.1 T field.

8.

TOLERANCE TO PERTURBATIONS AND OPERATION LIMITS

To test the operating limits of the LCT coils and obtain
some measure of how stably they perform, their tolerance to
heat perturbations was investigated during the design point
tests.
8.1

Recovery Tests

Recovery tests were performed on all three PB coils (GD,
GE, JA) using resistive heaters in intimate contact with the
conductor over approximately a 5-m length (half turn).
To
investigate the stability of whole turns (10-m lengths) or
different grade of conductor and different regions of the
winding pack where bubble accumulation might be important,
some number of heaters (11 in GE, 20 in GD, 24 in JA) were
spread throughout the winding pack.
The experiment was
performed in the following manner. The coil under test (e.g.,
GD) was energized to some level and the current was held
constant. A heat pulse of 3.1 kW for 300 ms was used to drive
a whole innermost turn fully normal. The magnitude of the
energy necessary to create the normalcy was found by trial. A
low value was initially used, and the heat pulse time was
increased until the full normal state voltage across the
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FIG. 3. Measured voltage along the conductor of a heated zone in a recovery test
at 100% design current.

heated zone was observed.
As the current was increased to
100%, the heat pulse energy was slightly decreased. Recovery
of normal zone to the SC state occurs in about 0.5 s. The
results of such stability tests for all three PB coils are
shown in Fig. 3 for the single-coil test.
Cryostatic stability also was demonstrated for all three
PB coils in full-array tests at 100% current and 8-T midplane
field. To our knowledge, stability tests on such large SC
magnets (E = 100 MJ) are unique. The largest stability test
previously was performed on an 11-MJ coil.
The FF coils were not tested in this manner. The supply
for the inductive heaters of the WH coil was not ready at the
time of the single-coil test, and so recovery tests were
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postponed until the full-array design-point test. The other
two FF coils are not designed to be cryostatically stabilized.
It is worth noting that the performance of a FF coil depends
on the mass flow, and in the single-coil tests it was demonstrated that all the FF coils operated reliably with considerably less than the design flow value.
8.2

Simulated Nuclear Heating

All fusion reactors will produce significant nuclear
heating. The actual amount impinging on the SC magnets is
strongly dependent on machine design. Since this amount is
unknown for SC magnets, the recent design studies [6] for TFCX
and the EPR assumed nuclear heating rates of 10 mW/cm 3 for the
nominal design and 50 mW/cm 3 for a high-performance (optimistic) design. For the FER project in Japan, a peak value of
1 mW/cm 3 has been assumed [7] . The experiments to be described in this paper are the first to explore this important
problem on SC magnets. Never before have large SC magnets
been constructed with heaters embedded in their windings.
While the LCT heater tests do not fully model nuclear heating,
they do take a major step toward answering the question of how
much heat can be generated and removed from a SC magnet
without inducing a quench.
The simulated nuclear heating test (e.g., on the JA coil)
was performed in the following manner. After the coil was
energized to some current level and held steady, a heat test
was made by simultaneously powering eight heaters for 60 s
(550-740 W ) . The heating time was chosen to get a steadystate environment yet not create too much pressure rise in the
coil and undue heat load to the refrigerator. This corresponds for the JA coil to local unit power density of 70 and
52 mW/cm 3 for the single-coil test and design-point test,
respectively.
The test was performed up to 100% design
current (10.2 kA) in both the single-coil test (B
= 6.4 T)
and full array (B
= 8.1 T) . No normal zone was observed
nor thermal runaway induced. Similar results were found for
the other two PB coils in both single-coil and full-array
tests. It should be noted that in these tests, the distribution of heat was rather localized; therefore, these values
cannot be considered as the tolerance for actual nuclear
heating. Nevertheless, the confidence to design a SC magnet
to sustain some level of nuclear heating is considerably
increased by these favorable results.
A very different type, but equally informative, simulated
nuclear heating test was performed on the FF (CH) coil. The
heat was generated by constant ohmic heating applied to 11
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FIG. 4. Simulated nuclear heating for the forced flow CH coil while it is charged
up to 100% design current.

full-turn heaters while the coil was ramped up to its nominal
current and then slowly discharged.
This procedure was
carried out at two different inlet temperatures of the coolant, namely, at 3.8 and 4.1 K.
Before starting a run the
inlet temperature of the helium and the mass flow were set and
maintained constant. The heat was applied to the coil where
the helium enters the winding (i.e., the temperature of the
entire winding was increased). The heat input to the winding
was also measured by the heat loss of the winding. The total
heating power was approximately 259 W for both runs, corresponding to a mean power density of 3.6 mW/cm 3 in the heated
volume. The temperature at the helium outlet and the heat
loss of the winding together with the coil current are shown
in Fig. 4 for a helium-inlet temperature of 4.1 K.
The 16 TF coils of the Next European Torus (NET) design
are expected to be cooled by supercritical helium in FF mode.
The expected average power density is 0.058 mW/cm 3 , which
corresponds to a nuclear heating power of 500 W per TF coil.
From the volume of the CH coil winding (2.13 m 3 ) and from the
applied heating power, an average power density of 0.12 mW/cm 3
is calculated. This power density is twice as large as the
value specified for the TF coils of the NET design. This fine
result should alleviate one of the principal concerns of
plasma physicists.
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Current-Sharing Temperature

Current-sharing temperature
(T ) measurements were
performed on two of the FF coils [EU flJbTi conductor) and WH
(Nb3Sn conductor)]. Such measurements have never been performed on a large SC magnet. The T
is a linear function of
current (I) in a superconductor. Ir is equal to the critical
temperature, T (B) (which is a function of magnetic field),
when the superconductor is not carrying current and it is
equal to the bath temperature (T ) when the superconductor is
at the critical current I (B,T) u . e . , the onset of voltage).
c
T
= T . + [1 - I/I (B,T)] [T (B) - T.J
(1)
cs
b
c
c
b
The experiments were performed in the following manner. The
coil was energized to a specified current (and hence field)
and held constant. Power was supplied to a resistive heater
and thereby a slug of helium many meters long was raised in
temperature. Control was good and small increases in the
helium temperature were achieved. The T
is the temperature
for which the smallest voltage (i.e., some current flowing in
the copper matrix) is first observed. Joule heating occurs
above T
cs
For the EU coil the measured values for T
were used to
obtain I (B,T). These were in fair agreement with measurements on c short-sample cables extrapolated to the temperature
and field of the full conductor. The defined cooling properties allow operation of the coil at every temperature below
the T . The necessary margin is determined by the increasing
heat level of thermal or AC losses. In the single-coil test
the EU coil was operated stably at full current (6.4-T field)
with a helium temperature of 5.2 K.
For the WH coil, T
measurements span the current range
from 16 to 63% of design current, corresponding to maximum
self-fields of roughly 1-4 T. At the 4-T field, the coil
operated stably with helium at 11 K. The measurements were
used to determine I (B,T). These values were extrapolated to
B = 8 T and T = 4\ 2 K to compare with expected conductor
current based on short-sample measurements. This comparison
reveals that the WH conductor, although sufficient for fullarray 8-T performance, has suffered serious degradation caused
by mechanical strain during manufacture, shipping, and winding
of the conductor.
8.4

Dump Tests

All the coils were intentionally dumped from some current
level and some from 100% design current to determine both the
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effect on the cryogenic system and the amount of the initial
stored energy which could be removed and dissipated in the
room-temperature dump resistor.
Careful measurements were
made on a dump of the EU coil from 100% current (E = 103 M J ) .
The losses in the EU coil were about 2% (mostly eldy currents
in the case), 2% was deposited in the other coils, and 96% in
the dump resistor. The pressure rise in the coils on a dump
of the whole array was lower than expected, and fast-acting
valves were able to isolate the refrigerator and prevent
damage to turboexpanders.
8.5

Mechanical Measurements

In all coils, significant measurements of strain in
conductor and structure were obtained under various load
conditions. In four coils, displacements of the winding pack
relative to the coil case were also measured.
Significant,
understandable differences between PB and FF coils were
observed, reflecting inherent differences in force transmission paths from conductors to structure. These differences
also were evident in correlations of AE signals and compensated voltage measurements (resistive voltages due to winding
movement or flux jumps) for the various coils. No excessive
strain was encountered, but comparison of test data with
design calculations identified areas in which modeling and
designs for force transmission can be improved.
9.

CONCLUSIONS

It is gratifying to report that all six LCT coils have
been energized in turn in the full array to 100% design
current and 8.1 T maximum field. Furthermore, the symmetric
torus test has been performed wherein all the coils simultaneously achieve 8-T midplane field (with the currents ranging
between 88% and 101% of design current). The total stored
energy in this test was 761 MJ. These are the largest coils
to ever produce an 8-T field. The simulated nuclear heating
tests indicate that these designs can likely meet the necessary requirements, even though vapor accumulation in the PB
coils degrades the heat transfer.
Additional studies are
needed, particularly on the mechanical properties, to see if
all the present designs can be extrapolated to reactor-size
magnets.
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DISCUSSION
R.W. CONN: It is good to see such comprehensive results after ten years of
programme building and development. What are your future plans?
M.S. LUBELL: The next stage in this programme will be tests with pulsed
fields with all the coils, and it is hoped that it will start very shortly. This will be
followed by extended tests with some of the coils, using higher fields and higher temperatures; it is particularly important to test their performance with out-of-plane
loads.
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Abstract
RADIOLOGICAL IMPLICATIONS OF LOW ACTIVATION STEELS AS STRUCTURAL
MATERIALS IN FUSION REACTORS.
New austenitic and martensitic steels are being developed as possible alternative structural
materials in a fusion reactor, with elemental modifications designed to reduce their levels of activity
after exposure to high energy neutrons. The radiological advantages of using such materials are
discussed. No advantage is found for severe accident situations; there may be some benefit in reducing
occupational exposures, and the main advantages appear in long term waste disposal and the possibility
of recycling structural materials.

Introduction
Nuclear fusion research is undertaken because it offers the
prospect of a new energy source based on abundant fuel resources
and with safety and environmental advantages. The ideal nuclear
reaction would be one in which all reaction products are charged
and remained in the plasma, minimizing radiation hazards and
allowing a wide choice of constructional materials for the
reactor. The first generation of fusion reactors will, however,
almost certainly operate with deuterium-tritium fuel to reduce
plasma confinement requirements and capital costs, with the
result that 14 MeV neutrons will activate the structural
materials. It is therefore of interest to consider alternative
structural materials that minimize the hazards associated with
this induced radioactivity, and to assess the radiological
implications of possible 'low-activation' materials.
In this
context, 'low-activation' is used to denote any material having a
residual radioactivity below that of conventional stainless
steels.
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The development of low activation materials for fusion reactors
has followed three routes - elemental substitution in existing
and well-tested materials such as steels, the development of new
or unproven alloys, and the use of isotopically tailored
elements. Only the first of these offers the possibility of the
large scale, economic
production of material in time for a
demonstration fusion reactor, although the other routes may
eventually offer materials with greater advantages. Development
effort has therefore concentrated on alternative austenitic and
martensitic steels with modifications designed to eliminate
elements that give rise to significant long-lived activity after
irradiation with 14 MeV neutrons [l].
Materials and assessment indices
Four steels were considered in the assessment which represent a
range of activation behaviour and all of which possess
potentially suitable engineering characteristics. These were:
1.

AISI type 316 austenitic
12%Ni, 2.5%Mo).
This
several reactor designs,
basis of the broad data
fission reactors.

stainless steel (0.03%C, 17%Cr,
material has been chosen for
including INTOR and NET, on the
base obtained from its use in

2.

The martensitic steel FV448 (0.15%C, ll%Cr, 0.2S%V, 0.3%Nb,
0.6%Mo, 0.75%Ni). This alloy is similar to the DIN 1.4914
steel which is considered as an alternative for NET and has
been proposed on the basis of reduced swelling under
irradiation and reduced thermal fatigue.

3.

A low-activation austenitic composition OPTSTAB, in which
the usual nickel component is replaced by manganese (12%)
and nitrogen (0.3%), and molybdenum replaced by tungsten

(2%) [2].
4.

A low-activation martensitic steel LA7, based on FV448
steel, with molybdenum replaced by tungsten (3%) [3].

For comparison, calculations were also made for the vanadium
alloy V-15%Cr-5%Tl and silicon carbide. There is, however, less
information on possible impurities in these materials and a
greater uncertainty as to their mechanical and corrosion
properties in the fusion reactor environment.
The specific
activities of these materials as a function of time were
calculated and the effect of impurities assessed as far as is
possible on current information. From the calculated specific
activities, several hazard indices were derived as a basis for
assessment of the radiological implications of the selected
materials. These indices were:
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1.

Specific radioactivity.
This parameter is the primary
means of expressing the activation of materials, though it
takes no account of the widely varying nuclear, chemical or
biological properties of the different radionuclides.

2.

Contact Y dose rate.
For convenience, the contact
dose rate at the surface of an infinite half-space of
uniformly contaminated material was calculated.

3.

Biological hazard index for ingestion. This was expressed
as a multiple of the ICRP annual limit of intake for
radiation workers relative to one kilogram of the activated
material.

4.

Biological hazard index for inhalation.
This was
calculated in a similar way to the index for ingestion.

Although the last two indices provide a simple way of comparing
the potential hazards of different mixtures of nuclides, they
fail to take account of mechanisms for the release and transport
of radionuclides to the point where they are ingested or
inhaled, or of differences in material properties that affect
the probability of their release during accidents.
Examples of the variation of two of these indices with time
after shutdown of the reactor are illustrated in figure 1. The
values correspond to the relatively hard neutron spectrum at the
first wall position in a reactor with liquid lithium breeder,
following 2.5a irradiation at 5 MW-nT2 neutron power flux. On
the basis of these indices the radiological implications of
alternative materials have been assessed in several situations.
Maintenance of the coolant system
Contact Y dose rates around the coolant circuit of a watercooled fusion reactor may be comparable with those found in
pressurized water fission reactors, where they are a major
contributor to occupational radiation doses.
The main
contributions in the PWR arise from deposition of 5 8 Co, 51*Mn and
60
Co, with 58 Co arising mainly from nickel released by corrosion
from the Inconel steam generator tubes and then irradiated
during its passage through the high neutron flux region.
The above considerations indicate that it will be necessary to
avoid the use of high activation materials throughout the
circuit in order to reduce y dose rates around the coolant
circuit in water-cooled fusion systems.
The use of the
low-activation martensitic steel would only lead to a
limited improvement since it would provide similar sources of
5l
*Mn, while the low-activation austenitic steel could give
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FIG. 1. Contact gamma ray dose rate (Sv-h'1) and specific ingestion hazard index (ICRP annual
limit of intake per kilogram) for representative materials after irradiation for 2.5 years at S MW- m ~z.

higher doses on account of its higher manganese content.
The
effect of using low-activation materials is difficult to
estimate, however, since corrosion and transport properties will
be at least as important as the nuclear properties.
Nevertheless, relative to fission reactors, fusion systems have
the advantage that the use of corrosion inhibitors is not
limited by their nuclear properties.
In helium-cooled systems, corrosion by impurities and erosion by
particulates provide mechanisms for the transport of materials
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into the high flux regions.
However, neutron sputtering is
believed to be the most important means of introducing wall
materials into the coolant and, therefore, coolant contamination
should be characteristic of first wall/blanket piping materials.
Calculations for conventional steel walls [4] indicated that the
nuclides 5**Mn and 5 6 Mn would give rise to about 60% of total
contact Y dose rates. Hence the use of low-activation steels
only offers the prospect of slightly reduced y dose rates from
coolant system components.
The use of vanadium alloys might
offer substantial reductions in y dose rates during maintenance
of the cooling circuits.
Reactor maintenance and component repair
To minimize reactor down-time, the maintenance strategy will
probably involve the replacement of components or modules,
followed by their repair in workshops after an appropriate
cooling time. Only remote maintenance will be used within the
shielding and it is highly probable that similar techniques will
be used throughout the reactor hall, though the option of
limited human access to regions outside the shielding may remain
as a possibility.
Low-activation steels show no significant advantage for short
times after shutdown, when dose rates are dominated by 5 4 Mn.
The dose rate for the vanadium alloy falls quite rapidly over
the first week or so, associated with the decay of
Sc, but
this fall is not maintained as **^Sc and ^ C r dominate for longer
times and a factor of 10 to 100 below the steels appears to be
the best that can be achieved with this particular alloy. Dose
rates for silicon carbide fall very rapidly and are likely to be
dominated by impurities after a few days.
For workshop repairs to be performed routinely by manual
operations, it is necessary for y dose rates to fall to values
typically below 25 nSv-h"1. Pure low-activation steels would have
to be stored for about 100 a before dose rates diminished to this
value.
In addition, part per million concentrations of
impurities such as niobium, silver, europium, terbium, holmium,
iridium and bismuth give rise to dose rates comparable with or
greater than this value [5]. Hence it is likely that, although
radiation shielding requirements may be somewhat reduced,
low-activation steels will not offer an alternative maintenance
strategy.
Release of activation products in severe accidents
The nature of mechanisms that could cause significant releases
of activation products is a subject of current debate, with
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lithium fires and radioactive decay heating as the most likely
causes of extensive mobilization of radionuclides.
On the
assumption that exposure will largely be caused by drinking
contaminated water and by eating contaminated crops and animals,
rather than by direct inhalation of radionuclides, the relative
merits of the materials may most easily be compared using the
ingestion hazard index. Those radionuclides that are active for
times up to a few years may be expected to be significant. Lowactivation steels exhibit no significant advantage during this
period because the nuclides ^ M n and ^ F e which contribute most
to the ingestion hazard index arise from the activation of iron.
The alloy V-15Cr-5Ti has a hazard index that is at least a
factor 10 lower than those of the steels and the hazard index of
silicon pure carbide is about six orders of magnitude lower.
Radioactive waste disposal
The ingestion hazard index is considered to be the most
appropriate quantity for the comparison of different materials
for the purposes of radioactive waste disposal, since it is
assumed that transport in contaminated groundwater, followed by
ingestion in plants or animals represents the most likely route
for human exposure.
For waste disposal it is appropriate to
compare the materials for times greater than 100 years after
removal from the reactor. After this time, all 6 0 Co will have
decayed. The low-activation materials nevertheless demonstrate
a substantial advantage over the conventional steels because of
the much lower levels of the very long-lived activation products
arising from irradiation of nickel (63Ni and 5 9 Ni),. molybdenum
( 9 3 M o and 9 9 T c ) and niobium ( 9 3 m N b and 91| Nb) . The most
persistent radionuclide resulting from irradiation of the
low-activation steels is ll*C, arising from the nitrogen content.
Although the long-term ingestion hazard index from this llfC is
smaller, by a factor 100, than the indices of the conventional
steels, it may be noted that the specific activity of 1I+C is
some 10 to 100 times greater than that permitted in 'low-level1
waste under current UK regulations.
Recycling of structural materials
Resource limitations or restrictions on disposal may necessitate
the recycling of structural materials. Recent studies indicate
that the operations involved in the recycling of steel scrap are
feasible at surface y dose rates up to about 10mSv-h~* [6],
compared with the current notional 'hands-on' dose rate of
25nSv-h~*. Dose rates of conventional steels, however, do not
fall below 10 mSv-h
for at least several hundred years and
therefore recycling is not a reasonable possibility with these
materials.
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Surface dose rates of pure low-activation steels decline to less
than 10 mSv-h" 1 after a few decades, 5**Mn and 60 Co being the
dominant radionuclides during this period.
Thus recycling
should be possible with low-activation steels. It should be
noted, however, that dose rates during this period are dependent
on the neutron spectrum in the blanket and calculations for
different blanket designs have given variations by a factor 2 in
the delay required.
The existence of nickel and cobalt
impurities causes increased dose rates, but it is the presence of
impurities such as silver, terbium and niobium at the part per
million level that gives rise to long-lived y emitters and
causes the most marked departures from the characteristics of
the pure material. For a mixture of impurities based on current
estimates, surface dose rates for low-activation steels fall to
10mSv-h~1at times only slightly greater than those corresponding
to the pure material, but they decline very slowly thereafter.
The continued recycling of materials through the reactor will
lead to some differences in these contributions compared with
those from the first irradiation.
The nuclide 91+Nb may be
expected to build up linearly with the number of irradiation
cycles, and °"co, although decaying almost completely between
irradiations, will undergo accelerated build-up during
irradiation as its precursor, stable ^ C o , is produced from
58
Fe.
Since ^°Co is produced via two successive (n,Y)
reactions, its rate of production is sensitive to the neutron
spectrum.
Conclusions
The use of low-activation steels in a fusion reactor is expected
to offer radiological advantages mainly in relation to recycling
and long-term waste disposal of structural materials rather than
to short-term maintenance or repair.
Whereas the post-service dose rates of conventional steels
remain for indefinite periods above the level at which recycling
is considered feasible, the low-activation compositions would
allow reclamation after storage for about 70 a. The storage time
required, as well as the dose rate level reached, is controlled
by certain trace elements and it is important to achieve the
lowest feasible concentrations of these impurities in order to
gain full benefit from the use of the low-activation materials.
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DISCUSSION
Y. SEKI: The results of the calculations that you described prompt me to ask,
in view of the large uncertainties in the activation cross-sections, whether you have
any plans to conduct irradiation tests using 14 MeV neutrons?
R. HANCOX: We plan more detailed cross-section calculations and sensitivity
studies, together with an analysis of the extent to which impurity levels can be
reduced in commercial materials. However, irradiation tests will eventually be necessary to confirm the calculations.
R.J. GOLDSTON: You indicated that there were three approaches to reducing
activation in a fusion reactor: elemental selection, new alloys and isotopic selection.
You chose to adopt the first of these, because the studies could be implemented on
the shortest time-scale. However, you only found long time-scale advantages. Could
you say whether you think advantages could be gained from the other approaches?
R. HANCOX: We expect greater advantages from the other approaches, but at
greater cost. These advantages will generally relate to the medium and long term, but
will always be limited by the difficulty of reducing impurity levels in the large scale
production of materials.
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Abstract
A MUON CATALYSED FUSION-FISSION REACTOR.
Absorption of one muon in matter and muon induced fusion of deuterium and tritium can induce
about one hundred nuclear D-T fusion reactions in a liquid density medium during the muon lifetime
(2.2 x 10~ 6 s). This end result of nucler fusion follows a chain of atomic and molecular processes.
The 'energy cost' for the creation of a muon is estimated to be about 5 GeV. Therefore, if one muon
catalyses about one hundred D-T fusions, the energy output is less than 2 GeV per muon, so that no
energy gain seems to be possible from 'pure' fusion nuclear reactions. However, it seems possible to
gain energy by combining the catalysed fusion with fission blankets. Two new ideas are presented which
should improve the muon fusion reactor concept. The first idea is to combine the target, the converter
of pions to muons and the synthesizer, making them one system. This is accomplished by injecting a
tritium or deuterium beam of 1 GeV per nucleon into the D-T fuel contained in a magnetic mirror. The
confined pions slow down and decay to muons; these are confined in the fuel, causing little muon loss.
The second idea is to collect the beam passing through the target and to recirculate it, while directing
the strongly interacting portion of the beam to an electronuclear blanket. Thus it is possible to reduce
the necessary quantity of tritium by about two orders of magnitude and to improve the energy gain
compared with previously suggested concepts. The present concepts are based mostly on readily available technologies and on known physical processes and data.

Muon induced fusion of deuterium (D) and tritium (T) is a remarkable
phenomenon since the negative muon can induce about one hundred nuclear D-T
fusion reactions in a liquid density medium during its lifetime (2.2 x 10 ~6 s). This
end result of nuclear fusion follows a chain of atomic and molecular processes [1].
The most crucial step in the physics of the muon catalysis cycle is the resonant
formation of the D-T muon molecule; this increases the probability of the end result
by at least two orders of magnitude (relative to non-resonant D-T muon formation).
This has been theoretically suggested and recently experimentally confirmed to a
certain extent. This finding has aroused considerable excitement in the fusion
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TABLE I. VALUES OF YIELD AND ENERGY REQUIRED TO
CREATE ONE NEGATIVE PION
Energy3

Yield3
y*

T o - energy per nucleon

Eo = y ^ T o

(a)

(b)

(a)

D (1 GeV) -- D

0.22

0.17

4.5

5.9

T (1 GeV) - D

0.27

0.21

3.7

4.8

T (1 GeV) - T

0.50

0.25

2

4

T (1 GeV) - (70 % D + 30% T)

0.31

0.22

3.2

4.6

(b)

Column (a) gives results obtained by taking multiple scattering into account; in column (b), single
collisions are considered.

community and it motivates us to explore concepts of energy producing nuclear
reactors utilizing muon catalysed fusion.
The 'energy cost' for the creation of a muon is one of the most important practical parameters in an analysis of the relevance of muon catalysed fusion for energy
production. Muons are produced during the decay of pions, which can be created by
nucleon-nucleon collisions. The energy threshold for pion generation is about
500 MeV of projectile kinetic energy and the process of negative muon generation
seems to be most effective for nucleonic projectiles with a kinetic energy of 1 GeV
per nucleon. An optimistic estimate is that 5 GeV of energy is required to produce
one negative muon (see Table I). The yield yT is the number of pions created per
unit energy of projectiles. Thus, if one muon catalyses about one hundred D-T
fusions, the energy output is less than 2 GeV per muon (one D-T fusion gives
17.6 MeV), so that no energy gain seems to be possible from 'pure' fusion nuclear
reactions.
Although it appears not possible at present to achieve an energy gain by pure
fusion, it is possible to gain energy by combining catalysed fusion with fission
blankets [3]. We present a reactor concept based on three ideas:
(a)

(b)

A high energy beam of tritium or deuterium is injected into the deuteriumtritium (D-T) fuel and, after passage through the fuel, part of the beam is
collected for reuse while the portion of the beam that underwent interaction is
directed into an electronuclear blanket (see Fig. 1).
The pions created in the target are surrounded by the deuterium and tritium fuel
and are magnetically confined until they slow down and decay into muons which
catalyse the fusion in situ.
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blanket

buncher (cooler)

FIG. 1. The mirror reactor concept. The gas deuterium-tritium fuel at the liquid hydrogen density in
the 400 K temperature range is contained in the mirror. The target (tritium) is held in the middle of
the mirror. The tritium or deuterium beam is injected along the mirror axis; an undeflected portion is
collected for recirculation and a deflected portion is absorbed by electronuclear blankets. Pions are
confined by the mirror field. Fusion neutrons are absorbed by the surrounding fission blankets.
The heated fuel is cooled by circulating flow of the fuel.

(c)

The fusion created neutrons are absorbed by blankets to breed fissile matter for
energy production.

This concept differs from Petrov's concept [3] in (a) and (b). Instead of keeping
the target, converter and synthesizer separate, we combine these three functions. The
D-T fuel is the target and the produced pions are trapped in the fuel where they slow
down before they decay into muons. The muons are created in the fuel and trapped
there, catalysing the D-T fusion through the atomic and molecular processes until
they in turn decay. In this way we solve one of the most difficult problems of muon
catalysed fusion, namely the efficient trapping of muons in a relatively small physical
volume. The present concept solves this problem by creating mesons in the fuel and
by confining them magnetically. This can be called a synergistic approach.
Figure 1 is a sketch of a version of our reactor concept. The fuel is driven by
a tritium (or deuterium) beam which is retrieved in part after passing through the target. The significantly scattered portion of the beam feeds into the electronuclear
blanket. The fusion created neutrons are captured in the fissile blanket surrounding
the fusion fuel. Figure 1 shows a magnetic mirror configuration. The mirror is filled
with a pressurized gas mixture of deuterium and tritium. The gas is circulated
through the mirror and passes a cooling section between traversals. The mirror is
enclosed by 238U or 232Th blankets with admixed lithium for the breeding of Pu,
232
U and tritium. Magnets provide a magnetic field configuration with a mirror ratio
Rm. The field at the mirror throats is typically 10 T. Our study indicates that for
1 GW of electric power we need about 2 kg of tritium, contained in a 20 cm radius
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FIG. 2. Scheme of energy production in a hybrid muon catalysed fusion-fission
electronuclear reactor.

mirror (with mirror ratio 1.5) at half-liquid hydrogen density (about 1500 atm
pressure at the temperature of the fuel, T = 500 K).
The energy and particle flow for the muon catalysed fusion-fission reactor is
shown schematically in Fig. 2. A particle accelerator of tritium (or deuterium)
delivers a power PA (about 1 GeV per nucleon) with an efficiency ijA into a /x~
generating catalysis chamber which contains the high density D-T fusion fuel. In this
chamber the muon catalysis fusion takes place, releasing e ^ = 17.6 MeV per
fusion. The beam power PA is used for /* ~ production as well as for electronuclear
(EN) direct beam-blanket interaction; r is the fraction of PA used for the fusion
processes, and the ir~ to n~ efficiency conversion y^ is estimated to be about 0.5
for <f> = 0.5 liquid hydrogen density. For the tritium-tritium interaction, r = 20%.
Then, (1-r) PA is used for the electronuclear portion where the direct beam-blanket
interaction is used for spallation breeding of the fissile fuel (e.g. 239Pu or 233U for
a blanket of 238U or 232Th, respectively). The gain value for fusion in our schematic
diagram, Fig. 2, is defined by
Q =

(1)
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where X^ is the number of fusion reactions catalysed by one muon. y "', y,,"1 and XM
are the most important input (physical) parameters for the fusion-fission process
catalysed by the negative muons.
The total gain factor is defined in Fig. 2 and is given by

„ _ y^Vx ZJofen. +
" 1 v" 1
y

EN denotes the energy gain from 'direct' beam-blanket interaction and /tic denotes
the energy gain from muon catalytic processes, with input energy on target
(l-t)yrly^lT0
for the EN process, and ry^'y^To for the p.c process. The EN
contribution is KEN = ZeT0f€fls/T0 and the muon catalysed gain is given by the
second term. efis = 0.2 GeV is the uranium fission energy (for a 238U blanket),
Ze = 20 fissions per GeV in the 'direct' beam-blanket interaction (i.e. the EN
process), TOf is the beam kinetic energy before collision with the blanket and To is
the initial kinetic energy of the beam before it hits the target (for pion — muon
creation). 6f = 1 is the number of fissions in the blanket caused by one 14 MeV
neutron from the fusion process. The above reactor produces a considerable power
on its own. Furthermore, the fissile material produced in the blanket (e.g. 239Pu)
can be used to run between three and six satellite fission plants of equal output. XR
in Fig. 2 denotes the number of such satellite fission plants. Of course, the value of
XR depends on the design and breeding ratio of those plants and is thus somewhat
arbitrary. However, assuming a certain value permits an intercomparison between
this scheme and other schemes — pure EN, fusion hybrid, etc. We estimate that the
number of fissile atoms bred per fission in the blanket is about the same for EN and
fusion neutrons (taking account of tritium breeding). The total electrical gain Ktot is
given by

Kt0, = ^

^

= Ha (1 +

XR)

K

(3)

where TJU, = 0.35 is the thermal power to electric power conversion efficiency. The
fraction a of the total electric power that has to be recirculated in order to operate
the accelerator and the auxiliary facilities is given by (see Fig. 2)
1

K (1 +

=

X)

1
K
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TABLE n. COMPARISON OF THE PRESENT REACTOR CONCEPT
WITH OTHER DRIVEN REACTOR CONCEPTS2
Estimated
efficiency
ij (driver)

Scheme

Accelerator

0.6

licFF

Accelerator

0.6

Laser

Driver

a
(energy
gain)"

T
(eV)

V
(m3)

M,
(g)

13.2

0.13

0.1

1

10J

EN

8.4

0.2

—

1

0

0.05

ICF
ICFF

= 430
Q = 75

0.13

104

1-10

10 " 2

Accelerator

0.6

ICF
ICFF

Q. = 37

0.13

104

1-10

10

Accelerator, RF, etc.

0.6

MF
MFF

SL =

0.13

10"

102

10" 2

37
Q = 6.5

_2

Inertial confinement fusion (ICF) and fusion-fission (ICFF) with laser and ion beams as drivers, the
electronuclear (EN) breeder and the magnetic fusion (MF) and fusion-fission (MFF) reactors. The
order of magnitude for the fuel temperature (T), the reactor volume including the blanket (V) and
the tritium mass (M,) in the reactor at a given time are listed. M, does not include the inventory.
The thermal efficiency included in K,ot is assumed to be ifo, = 0.35. The number of atomic nuclear
plants is taken as XR = 5, The value of Q is taken in such a way as to yield a = 0.13 in the
equation Q = l/OfoifA01) for the pure fusion scheme and Q = l/[»Jth'?A (1 + X R ) « ] f° r fusion-fission
schemes.

Substituting into Eqs (3) and (4) the following parameters for a fuel containing
30% tritium and 70% deuterium at 0.5 liquid hydrogen density:
Ze = 20 GeV" 1 , efis = 0.2 GeV, 5f = 1, To = 1 GeV, XR = 5, rjA = 0.6,
V0l = 0.35, y,, = 0.5, yT = 0.31, Tof = 0.8 GeV, X, = 100,
we obtain:
KEN = 3.2, K^ = 3.1, K = 6.3, K^, = 13.2, a = 0.13.
Note that although the fie input energy is smaller by a factor of four than the
EN input energy, the output gain from /tc is about the same as the EN gain. An
important result of this calculation is the estimate of the parameter a, which can serve
as a figure of merit in a 'driven' nuclear reactor. As usual, the assumed output
electricity for the system, PE = (1 + XR) x 109 W, with a - 0.13 and XR = 5,
requires an accelerator power of PA — 8.5 X 108 W, which for 1 GeV per nucleon
projectile implies an average current of 0.85 A.
A comparison of the present reactor concept with other driven reactor concepts
is presented in Table n. Since the reactor discussed in this paper cannot achieve
ignition, a comparison with self-ignited reactors is difficult. The drivers considered
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in the table are: lasers and particle beam accelerators for inertial confinement fusion
(ICF), accelerators for electronuclear (EN) breeders and for muon catalysed fusionfission (jtcFF) reactors, and radiofrequency (RF) wave generators and/or accelerators for magnetic fusion (MF) reactors. Also shown are the ICFF and MCFF reactors, which are fusion-fission hybrid schemes for the respective processes. The
efficiencies of the drivers are taken optimistically. Numbers of merit for reactors may
be taken as the total energy gain Ktot (and the fraction of driving energy, a). It is
difficult to predict the science and technology necessary for the different schemes.
We thus indicate in Table II the equivalent energy gain Q necessary to achieve
a = 0.13, which is the value we have estimated for the present scheme. The order
of magnitude for the fuel temperature (T in eV), the reactor volume including the
blankets (V in m 3 ), and the necessary tritium mass in the reactor at a given time
(Mt in g) are also given in Table II.
The reactor concept discussed in this paper merits further serious investigations
on the basis of our preliminary study. It is worth pointing out that the present scheme
is based on readily available technologies and data available from experiments.
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DISCUSSION
T. TAKEDA: If I understand you correctly, the most important aspect of your
study is the improvement of the muon utilization efficiency by combining a number
of components of the reactor. However, the vessel window seems to cause a considerable projectile energy loss. What is the ratio of the muons produced in the vessel
window to the muons produced in the fuel?
S. ELIEZER: The muon losses in the window and in the wall of the vessel seem
to be less than 5 %.
T. TAKEDA: Do you think it is possible to further increase muon production
through multiple production channels with an increase in projectile energy, for
example to 2 GeV?
S. ELIEZER: By increasing the projectile energy to more than 2 GeV per
nucleon, new and undesirable particles are created, such as the neutral pion TT°; this
is wasted energy as far as our scheme is concerned. However, the optimum value
of the projectile energy — which is between 1 GeV and 2 GeV — was not calculated
by us.
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M. GOLDSWORTHY: I would like to ask you three questions. First, could you
describe the nature and size of the accelerator mechanism in your scheme? Second,
are we still talking about conventional particle accelerators, and are there any
alternatives? And, finally, is it possible to combine the accelerator and the fusion
reactor vessel?
S. ELIEZER: Regarding your first point, we did not consider in detail the
nature and size of the accelerator. Second, there are certainly other alternatives —
possibly more compact accelerators with very high efficiency. Third, I believe that
Professor Herrera from Mexico has suggested a scheme for combining the
accelerator and the fusion reactor vessel, but I have no idea of the details. In any case,
this idea looks very attractive.
H. HORA: To prevent muon sticking to helium, could one perhaps use
monochromatic radiation, i.e. an X-ray laser, for photo-ionizing the muon? How
would the gain increase without this sticking?
S. ELIEZER: So far we have no X-ray lasers with an energy of only a few
kiloelectronvolts. However, even if we used synchrotron radiation or if we had such
an X-ray laser, then in order to solve the 'sticking' problem we would need very high
fluxes, which induce plasma D-T instead of gas D-T reactions. In a plasma medium,
all the advantages of molecular physics are lost, in particular the resonant formation
of the D-T muon mesomolecule. However, for high density plasmas (about
1022 cm" 3 ) no calculations of D-T muon formation have been performed so far.
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Abstract
EFFECT OF ANOMALOUS TRANSPORT ON PARAMETERS OF A COMPACT TORUS
BASED QUASI-STATIONARY REACTOR.
Compact tori are attractive because of their high beta value. But high beta results in
sharp gradients of particle density and magnetic field, causing the development of anomalous
transport processes. The paper presents a study of the effect of these processes on the parameters of a quasi-stationary compact toroid reactor based on a field reversed configuration (FRC),
D-T, DD-Cat and D3He being used as fuel. Special attention is paid to the investigation of the
pulsing mode of reactor operation, which makes it possible to realize plasma self-heating in a
confinement chamber and a quasi-stationary fusion burn.

1.

INTRODUCTION

Compact toroid (CT) fusion reactors based on FRC are attractive because
of their relatively simple magnetic field geometry and their high beta value.
Previous theoretical analysis of CT reactor aspects has indicated the possibility
of creating a reactor with relatively small dimensions and unit power [1-3]. It
was not, however, taken into account that high beta resulted in high gradients
of density and magnetic field, causing anomalous transport processes and a
reduction in plasma lifetime. So, this study examines the effect of anomalous
transport on the geometrical and power parameters of a CT quasi-stationary
reactor. Three types of fusion fuels are analysed: D-T, DD-Cat, and D|He.

2.

MAJOR PROCESSES DETERMINING THE CT LIFETIME

To study the possibilities of a CT fusion reactor, it is, first of all, necessary
to know the dependence of lifetime of particles ( T ^ ) , magnetic flux (r^) and
energy (T%) on the plasma parameters. The results of experimental and
theoretical studies of the CT particle lifetime (r^) are in good agreement [4].
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Theoretical estimates indicate the dominant role of anomalous transport, due
to lower hybrid drift instability (LHD) [4, 5]. An analytical expression for the
particle lifetime, determined by LHD, is derived by a thin flux layer model [6]
and may be expressed in terms of the plasma confinement time in a linear theta
pinch (T||):
8<J3> /

V

TN = X|I

^I V 7

u

0)

Here, x s = r s /r w is the relative separatrix radius, and u is a dimensionless
parameter defined by
'8

mi

V'8

J m~J

S3'4

(l+Te/T;)" 8 ""

(2)

where S = R/pj 0 is the ratio of the magnetic axis radius to the ion gyroradius
on the separatrix, and k = fi/R is the elongation of the toroid.
Among the transport processes as determined by Coulomb collisions, ion
thermal conduction appears to be the most dangerous one. The energy confinement time, determined by this process, equals r^ « S2 TJ, where TJJ is the ionion collision time. At the same time for large values of S, which are typical of
the reactor parameters, it is easy to obtain the scaling, r^ a S 4 from (1) and
(2) and there is a certain danger of Tgj being equal to T^- However, the case
of r N s» T Ei may only arise at S «* 1000. The value of this parameter required
for reactor purposes is found to be S * 300, so that we assume ^N^TEIIt should be noted, at present, there is no good agreement between
experimental and theoretical results of the magnetic flux lifetime investigation.
The observed lifetime appears to be considerably shorter than the theoretical value, indicating that anomalous resistance prevails near the magnet axis.
We assume an ion acoustic instability to develop in this region since Ohmic
heating due to high current density may result in realizing the condition
T e > Tj. Estimates show that the second condition for the development of the
ion acoustic instability, i.e. v D > cs (v D is the drift velocity, cs the ion acoustic
velocity), can be realized. We assume that v D «* cs throughout the process,
since, with growing v D /c s , the resistivity and, accordingly, the rate of diffusion
of the magnetic flux increase (9B/9r| r = R being decreased), and, for v D /c s < 1,
the ion acoustic instability is damped, resulting in an increase of 3B/9r| r = R.
In the assumption made above, the magnetic flux lifetime may be derived from

at
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As a result, we obtain
/dln^V1
= I
I ( 70

at /

(5)
mPc

2

0

2

where \ =1J\, u = r /R - 1.
Note that Eq. (5) is true for the case of the rate of magnetic flux diffusion
near the magnetic axis being less than in the rest of the plasma bulk where the
anomalous resistance is determined by the LHD. Otherwise, the flux confinement time is to be comparable with the particle confinement time (r$ «* r N ) .
In general,
(6)
A comparison of Eq. (6) with the results obtained on the TRX-1 device [7]
demonstrates that the former are in good agreement with the experimental data
(Fig. 1). For reactor parameters, it follows from Eqs (1), (2), (5), and (6) that
r $ > TN.
Thus, on the basis of the analysis, we assume in what follows that the
lifetimes of particles, magnetic flux and energy are equal and determined by
Eq. (1).
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FIG. 1. Comparison of theoretical and experimental values.
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COMPARISON OF FRC WITH TOKAMAK

Using the scaling relation proposed by Merezhkin and Mukhovatov [8],
let us now compare the energy confinement time in a tokamak with the particle
confinement time in CT:
r E = 3.5 X 1CT21 ( a / R ^ R X q - V

(7)

Here, R and a are the major and minor radii, respectively, and q is the stability
margin.
Using the dependence of q on <3max,
0 m a x = a/Rq2

(8)

and taking |3 m a x = 5%, we obtain for Eq. (7) the following form:
rE = 2.6 X KT
For R/a = 4, we obtain:
_i

7 E = 1.45 X 10" 22 N T e

2

(9)

Comparing Eqs (1) and (9) we can show that the energy lifetime in a
tokamak ( T E ) is only two to three times greater than the particle lifetime in
CT (TN ), when the reactor volumes are equal and m «* 3 X 1020 m~3 • s. At
the same time, the ratio of the magnetic energy of the tokamak to that of FRC
equals

WCT

nCT

i.e. the presence of high beta in CT results in a considerable saving in magnetic
field energy in the confinement chamber, and, hence, the magnetic system
and its power supply are substantially simplified.
4.

ANALYSIS OF FRC QUASI-STATIONARY REACTOR PARAMETERS

From the technological point of view, it is essential to study the possibility
of creating an FRC quasi-stationary fusion reactor. To realize a quasi-stationary
burn, it is necessary to recover mass, energy and magnetic flux of the confined
toroid. To realize this process, the authors suggest using the pulsing mode of
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fusion burn, realized by injection of compact tori into the confinement chamber
at v> r j j and their merging with the confined torus. As a result, the losses of
mass and main toroid magnetic flux are compensated for. The energy of the
toroid is recovered via the charged fusion products.
Let us assess the conditions in which quasi-stationary self-sustaining fusion
burn is realized, for three fuel types (D-T, DD-Cat, D 3 He).
From energy equilibrium, the following condition is obtained:

where P N is the energy flux due to particle diffusion through the separatrix, P R
are the radiation losses, and P c is the power of energy release in the plasma
by scattering of fast charged particles. From Eq. (1) and the pressure balance
we obtain
(11)
(12)
where A is the area of the exposed first wall surface, and /3S is the magnetic
field on the separatrix. The power of fusion energy release in the plasma, to
the accuracy of an unessential factor determined by the plasma composition,
may be written as P c = P R ^(T), where </>(T) is a function of the temperature
determined by fuel selection. Combining Eqs (10), (11) and (12) and
eliminating parameters, we obtain a criterion for a quasi-stationary selfsustaining fusion burn, anomalous transport process being taken into account:
(13)
where q c = PQ/A, and f(T) is a function of the temperature determined by
fuel selection. We shall now consider particular types of fuels.
4.1. D-T
In this case, q^ = q n /4, and the neutron load on the first wall exceeds
the bremsstrahlung load (q n > q R ). The function f(T) has the minimum at
T as 8 keV, and Eq. (13) takes the form
(14)
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TABLE I. MAIN D-T REACTOR PARAMETERS
r w (m)

V(m 3 )

ne (nT 3 )

B (T)

T(keV)

2.5

350

3X10 2 0

1.6

8.0

5.0

In this paper, qn is measured in MW-m 2 , and rw is measured in m.
Table I gives the values of the main D-T reactor parameters as derived
from relation (14).
A comparison of these results with estimates made earlier indicates that
inclusion of the LHD influence results in an increase of the reactor dimensions
and the reactor power [1.-3]. At the same time, it is worth noting that the
magnetic field in the confinement chamber is not high, compared to that in a
tokamak, resulting in a simplification of the magnetic system, for example,
the possibility of creating a CT reactor with normally conducting coils.
4.2. DD-Cat
The main advantage of this reaction is known to consist in excluding the
necessity of tritium breeding and storage. The reduction of the reaction crosssection results in a substantial increase in the plasma temperature. In this case,
the plasma composition is chosen from a balance of 3He breeding and consumption. This condition determines the relation between the parameters q c , q n ,
q R ,i.e.
2
20q n
<3n = JQC> QR = ~^~

05)

Optimizing the function f(T) by involving relations (15), we obtain an
optimum plasma temperature of T « 50 keV. Equation (13) may be rewritten
in the form
rwqn/3x!~5

(16)

which results in a considerable increase in the system parameters, compared to
those of the D-T reactor (see Table II).
As in the case of D-T fuel, taking LHD into account considerably increases
reactor volume and power. In this case, the reactor dimensions are relatively
reasonable only for large loads on the first wall.
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TABLE II. MAIN DD-Cat REACTOR PARAMETERS
r w (m)

V(m3)

ne (nT3)

B (T)

T(keV)

qn(MW-nT2)

3.5

800

6X 1020

5.0

50

5.0

TABLE III. MAIN D3He REACTOR PARAMETERS
^(m)

V(m3)

n e (nT 3 )

B (T)

T(keV)

qR(MW-nr2)

2.5

350

5X 1020

5.0

40

5.0

4.3. D3He
If. an optimum composition of D and 3He is used as a fuel, the reactor
has smaller dimensions than a DD-Cat reactor. The main difficulty in creating
this reactor consists in the lack of 3He resources on the earth. This is why this
reactor is usually considered to be a staellite to a reactor producing 3He [9].
But, as estimations carried out at the University of Wisconsin, USA, have shown,
there is a large source of relatively easily extractable 3He on the lunar surface.
The energy multiplication, i.e. the ratio of the energy released in a D3He reactor
from combustion of 1 kg of 3He to the energy necessary for 3He mining and
delivery to the earth, amounts to 250, making the idea of using the moon as
a source quite acceptable for our goals.
In evaluating the reactor parameters from Eq. (13), it should be borne in
mind that a comparatively small portion of fusion energy is carried away by
fast neutrons, and the bremsstrahlung load on the first wall becomes the main
parameter determining the reactor dimensions. In this case, the minimization
of the f(T) function results in T o p t « 40 keV, and Eq. (13) has the form

The main parameters of the D3He reactor are given in Table III.
Thus, with optimum D and 3He composition, the reactor volume and the
magnetic field are comparable to the corresponding parameters of a tokamak
reactor, tritium breeding being excluded and the requirements for the blanket
being reduced, because of the decrease in fast neutron flux.
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REALIZATION OF FUSION BURN PULSING MODE

To study in detail the process of CT quasi-stationary or, more precisely,
pulsing burn, a number of numerical investigations'has been carried out within
the framework of a model which takes into account plasma compression and
expansion dynamics, the process of heating and cooling of its major components,
energy exchange between the components, particle and energy losses due to
anomalous diffusion, and thermal conduction. The calculations indicate that
it is possible to realize a D-T fuel burn regime when the oscillations of the
neutron load on the wall and the toroid energy do not exceed 15-20%, even
in the case of 'cold' toroid injection (injected plasma temperature equal to
'zero'), although the plasma mass reduces by a factor of two during this period
(Fig. 2). While using D3He fuel, the bremsstrahlung load becomes the main
contribution, and the amplitude of the oscillations happens to be considerable
(«*50%).
The possibility of realizing CT plasma self-heating in the confinement
chamber due to the energy of the fast charged particles is essential, especially
in operating on DD-Cat and D3He fuel, as the heating of CT up to an initial
temperature of T = 40-50 keV in the formation chamber constitutes a very
difficult problem. From the calculations carried out within the framework of
the above model we learn that these temperatures are attainable for toroid
injection into the confinement chamber with moderate temperature (To ** 4 keV).
In this case, by specially choosing the amount of trapped magnetic flux of the
injected toroids, it is possible to realize plasma self-heating for constant radiation
load on the wall. This possibility is very important from the technological
point of view. Figure 3 shows the self-heating process of D-T fuel. Plasma is
heated from T«» 4 keV to T ^ 10 keV for six to seven periods for the quasistationary regime to be reached.
The plasma heating in the confinement chamber up to T«* 40-50 keV,
which is necessary for the reactor to operate on the alternative fuel, may be
realized by initiating D-T plasma burn. Then, with growing temperature, the
tritium is substituted by 3He by corresponding programming of the isotope
composition of the injected plasma (Fig. 4). It is necessary to note that the selfheating process may be realized at constant magnitude of the bremsstrahlung
load on the first wall, by a programmed change of the relative separatrix radius
radius (x s ). Taking into account that q R « B 4 x | T " 3 / 2 at constant open field
flux we obtain

This relationship establishes the connection between T and x s , where x s is
determined by choosing the value of the closed field flux of the injected tori.
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It is important to note that, energy and particle lifetime of CT being
nearly equal, it is possible to realize a quasi-stationary burn without plasma ash
accumulation. For example, an estimate of the a-particle fraction in the D-T
plasma obtained from Eq. (10) yields

101

N

100

i.e. in the case of r N «=» rg, a-particle content equals 2%, eliminating the problem
of ash removal from the confinement chamber.
Thus, realization of the toroid burn pulsing mode allows the oscillation
amplitude of the load on the first wall to be reduced substantially and the
requirements for the toroid injector, due to the plasma self-heating in the
confinement chamber, to be relaxed.

6.

CONCLUSIONS

The calculations carried out indicate that anomalous transport in FRC
due to high beta is no obstacle on the way to the creation of a fusion reactor
although it consitutes an important factor that affects the pertinent prospects.
Further theoretical studies as well as large scale experiments are needed to
solve this problem.
Taking into account anomalous transport, according to present day
knowledge, we have obtained the results that a CT reactor has nearly the same
dimensions as a tokamak reactor at comparable load, but the corresponding
magnetic energy is by an order of magnitude lower.
The quasi-stationary mode of fusion reactor operation may be realized
by pulsing injection and merging of compact tori for particle and magnetic
flux losses to be compensated. The programmed transition from D-T to
D3He fuel makes it possible to develop a reasonably compact and radiologically
safe fusion reactor (without tritium cycle, with dominant X-ray load on the first
wall). The magnetic fields required for 40-50 keV D3He plasma confinement
in FRC are in the range of values characteristic of a D-T fuel tokamak («* 5 T).
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Abstract
INITIAL OPERATION OF THE HIGH FIELD SUPERCONDUCTING TOKAMAK TRIAM-1M.
The high field superconducting tokamak TRIAM-1M with Nb3Sn conductors
was the first of its kind in the world and started to operate in June 1986,
after the completion of cooling down and charging tests with the superconducting
toroidal field coils. The superconducting coils were charged to their full operating current,
which produced a peak field of 11 T at the coil windings, and a high average current density
of 5740 A-cm"2 was achieved at the peak field. A high density plasma (n~e = 7 X 1013 cm" 3 )
with I p = 150 kA, a = 12 cm, R = 80 cm, and B = 4 T was obtained by optimization of the
feedback control of the plasma positions. The effects of plasma current disruptions on the
superconducting coils were investigated, and the stability of the coils was confirmed in
tokamak operation. Stable and reliable performance of the superconducting tokamak system,
including the cryogenic system, is demonstrated.

1.

INTRODUCTION

Superconducting magnets are required for the next generation of tokamak
devices, and it is necessary to demonstrate a reliable and stable superconducting
tokamak system, including the cryogenic system [1,2]. We have completed
the high field tokamak TRIAM-1M with an Nb 3 Sn superconducting toroidal
field magnet, which can produce peak fields close to those required for the
projected requirements of the Integrated Test Facility Devices [3].
The machine was installed in the torus hall in March 1986, and the subsystems for TRIAM-1M were connected to the machine. Cooling down of the
superconducting toroidal field coils started in June 1986, and the superconducting
coils were charged to the full operating current of 6202 A, producing a maximum
field of 11 T. This magnetic field strength constitutes a record among the actual
superconducting tokamak facilities. The first operation of TRIAM-1M was
attempted in parallel with major testing of the various components of the
tokamak.
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F/G. 1. Artist's impression of TRIAM-1M. Main tokamak components are identified.

The principal objectives of TRIAM-1M are to develop a superconducting
tokamak system and to study the confinement and heating of non-circular
high field tokamak plasmas. The technical data on the superconducting coils
and the cryogenic system will be collected in the course of the operation.
Impurity dynamics and recycling problems in long pulse operation by lower
hybrid current drive will be investigated. A turbulent heating system with two
pulses is being prepared for additional heating of the tokamak plasma.
The first two months of experimental work were mainly devoted to the
stable operation of the superconducting tokamak system, including the cryogenic
system, and to the generation and control of reproducible tokamak plasma
with Ohmic heating.
We report here on the performance of the superconducting tokamak, the
first results on plasma properties in TRIAM-1M and on the effects of plasmas
current disruptions on the superconducting coils.

2.

THE TRIAM-1M DEVICE

The major components of the tokamak, apart from the diagnostics, are
shown in Fig. 1, and the major parameters of TRIAM-1M are listed in Table I.
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TABLE I. DEVICE PARAMETERS OF TRIAM-1M
Major radius, R(m)

0.8

Limiter radius, a(m)

0.12 X 0.18

Plasma elongation

1.8

Overall diameter (m)

4

Overal height (m)

4.2

Toroidal field, B,(T)

8

Plasma current, I p (MA)

0.5

Discharge duration (s)

0.5

2.1. Plasma chamber
The machine consists of a D-shaped plasma chamber, which is made up of
two rigid half torus sectors and two ceramic breaks with bellows. These ceramic
breaks enable us to apply a high loop voltage of 20 kV to tokamak plasmas for
turbulent heating. Three conservative D-shaped SUS limiters are fitted inside
the plasma chamber and a pair of movable limiters (up and down) cooled by
water are set up. In addition, a water cooled stainless steel pipe is wound on
the plasma chamber for long pulse operation.
2.2. Poloidal field coil
The poloidal field coils for plasma position and shape control are located inside
the toroidal field coils in order to reduce the heating of the superconducting toroidal
field coils; they consist of a horizontal field coil and two types of vertical field
coils, which produce vertical magnetic fields with negative and positive decay
indices. In addition, these poloidal field coils are divided into two half-turn
coils to reduce the voltages induced by turbulent heating pulses and are fixed
on the plasma chamber. The turbulent heating coil which consists of four
parallel windings is located just outside the plasma chamber.
2.3. Superconducting toroidal field coil
The toroidal field magnet for TRIAM-1M consists of 16 D-shaped superconducting coils, the parameters of which are shown in Table II. An Nb 3 Sn
conductor was chosen for the toroidal field coils because of a greater energy
margin for stability against thermal disturbances at higher fields. There are
two key features for cryostability of the superconductor: One is strong thermal
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TABLE II. PARAMETERS OF TOROIDAL FIELD COILS
Number of coils

16

Major radius, (m)

0.85

Inner diameter of bore (m X m)

0.44 X 0.67

Outer diameter (m X m)

1.035 X 1.25

Magnetic field (R = 0.8 m) (T)

8

Peak field at the conductor (T)

11

Stored energy (MJ)

16

Conductor material

Nb3Sn
6202

Conductor current (A)
Cooling

Pool boiling
by 4.2 liquid He

coupling of the conductor to the helium through the rough surface which has
a heat flux of 0.82 W-crrT2, and the other one is the use of a high purity
aluminium stabilizer which has low magnetoresistance and serves as a current
carrier in the case of creation of a local normal zone. The conductor is wound
into double pancakes; six double pancakes with 2 mm thick spacers for the
cooling channels are stacked as a coil. The superconducting coils are housed
in stainless steel cases and cooled by pool boiling helium. Qualifying tests
involving charging tests of full operating current, recovery tests from a halfturn driven normal and measurements of AC losses due to pulsed fields have
been carried out for the superconducting coil, and the stability of the toroidal
field coils in tokamak operation has been confirmed [4]. These superconducting
coils are assembled into the toroidal field magnet with two supporting bases,
which are located at the top and bottom of the coils and resist centring forces.
Further support is provided by shear panels which join the coils in pairs of
eight sub-assembly units at the outer portion of the coils. The coils and
supporting structure, both operating at 4.5 K, are housed in a single bell jar
shaped vacuum vessel of 4 m diameter. The cold mass of the toroidal field
magnet is about 3 X 104 kg. A thermal radiation shield, which is cooled with
liquid nitrogen and wrapped with multilayer superinsulators, is interposed
between the toroidal field coils and the room temperature boundary of the
vacuum region.
The sixteen toroidal field coils are electrically connected in series with a
dump resistor which is used to dissipate the stored energy in case of coil
quenching. The maximum voltage during a dump is limited to 1 kV.
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COMPRESSOR

FIG. 2. Refrigerator and superconducting magnet system.

3.

CRYOGENIC SYSTEM

A schematic flow diagram for the cryogenic system is shown in Fig. 2.
Cold helium is circulated from the refrigerator to the toroidal field magnet.
Helium gas which has cooled power leads is returned to the compressor suction.
The helium refrigerator consists of three major components: the compressor,
the purifier and the cold box. The capacity of the plant was determined by steady
heat rates of the toroidal field magnet and pulsed magnetic field losses in tokamak
operation. The refrigerator performance during acceptance tests demonstrated a
capacity of 460 W at 4.5 K and liquefaction rates of up to 210 L-rT 1 were
obtained. Transfer lines of about 9 m from the refrigerator to the machine are
used for both the cold helium supply and the cold return.
The cold helium is distributed to 16 toroidal field coils and to two cold
bases through the valves, which control the helium flow rate so as not to cause
large temperature differences between the coils. Each helium vessel is linked
to a liquid helium reservoir tank which is located above the coils, and the liquid
level is controlled so as to be the vertical location of the power leads. The
temperature of the power leads is controlled by the helium flow rate through
the valves which are placed in the downstream line.
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FIG. 3. Cooling curves for superconducting toroidal field coil.

4.

COOLING DOWN AND CHARGING TESTS OF
SUPERCONDUCTING COIL

4.1. Cooling down of superconducting magnet system
Before cooldown from the ambient temperature, the complete helium
circuit is initially purged and dried to a dew point of-60°C or lower; in addition,
the vacuum tank in which the whole tokamak system is housed is evacuated
down to 10~s torr. Cooling curves for toroidal field coils are shown in Fig. 3.
After the radiation shields have been cooled by liquid nitrogen for 24 hours,
precooling is performed, first with helium of an initial temperature of about
80 K. This period lasts for about 75 hours. The expander turbine is then
switched on, and the initial temperature is lowered. The total precooling time
is about 125 h. At the end of precooling, liouid helium is collected in the dewar
and then transferred to the coils. The magnet system is cooled to 4.2 K in seven
days without large temperature differences between coils or between the coils
and the cold bases. The cryogenic system performance is in accordance with
the calculated values. The measured steady heat rate to this magnet system is
approximately 180W.
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FIG. 4. Load line for superconducting toroidal field magnet. Dashed and solid lines indicate
load line for single coil and coils in full torus, respectively. Ic is critical current.

4.2. Charging tests of superconducting coils
After cooling down the toroidal field coils and filling up with liquid helium,
the coils were initially charged up to 3100 A. Plasma experiments were carried
out with the corresponding magnetic field, and then the coils were operated with
no quench at currents up to 6202 A, which was the full operating current and
produced a maximum field of 11 T at the coil windings. The load line for the
coils at the toroidal field magnet is shown in Fig. 4, together with that for a single
coil. As a result, the highest average current density of 5740 A-cm" 2 in the
world was attained, including cooling channels and insulators.
While the coils were being charged, very small voltage pulses (~1 mV) were
observed. It is assumed that the jumps were inductive pulses due to wire
movements under the magnetic loads. Mechanical stresses were measured by
the strain gauges which were fitted on the outside of the coil casings. The
maximum stress was about 35 kg-mm" 2 and less than the design value estimated
from finite element calculations.

5.

FIRST OPERATION OF TRIAM-1M

The experimental plan of TRIAM-1M is divided into two stages. The first
stage of the experiment is limited by the capability of the power supply for the
poloidal field coils. The basic objective of this stage is to produce Joule heated
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FIG. 5. (a) Typical waveforms of loop voltage, F L , plasma current, I horizontal position, AH,
and vertical position, A v . (bj Time evolution of line averaged density, central electron and
ion temperatures.

plasmas of about 100 kA in the high field superconducting tokamak and to
establish a necessary basis for the plasma control capability, turbulent heating
and RF current drive for the next stage.
5.1. First results in high field superconducting tokamak
The first operation was attempted in parallel with the integrated tests of
both the toroidal and poloidal field systems. After ECR discharge cleaning
(2.45 GHz, 5 kW) and pulse discharge cleaning had been carried out, we
obtained a hydrogen discharge as shown in Fig. 5 (a). A plasma peak current
of 115 kA was reached in a pulse of 70 ms duration. We have no shell, and
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FIG. 7. Time variation of liquid helium level in reservoir tank in suspension of discharges,
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the time constant of the plasma chamber is about 1 ms. Accordingly, this form
of operation was achieved with good horizontal and vertical position controls,
which were performed by a hybrid digital/analog system and analog circuits
to control the power supplies, respectively. Time evolutions of the line averaged
electron density, the electron temperature and the ion temperature are shown
in Fig. 5(b). This discharge was done at low hydrogen pressure (8 X 1CT5 torr),
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and there was no additional gas injection. However, we obtained a high density
plasma which had a peak density of 5 X 10 13 cm"3 and Zeff of about 1.7.
It is assumed that hydrogen gas filled into a number of long diagnostic ports
played the role of continuous gas injection. The time evolutions shown in
Figs 5 (a) and (b) were measured in the same discharge, except for the electron
temperature. The maximum values obtained in the different discharges are as
follows: Ip = 150 kA, n e = 7 X 10 13 cm" 3 , T e0 = 530 eV, Ti0 = 220 eV at
Bt = 4 T.
5.2. Stability of superconducting coil in tokamak operation
When we designed the superconducting toroidal field coil for TRIAM-1M,
we analysed the stability of the coil against magnetic field variations in tokamak
operation with a plasma current of 500 kA and confirmed its stability in case of
plasma current disruptions [4]. During this experimental stage, the plasma
current is limited to a maximum of 150 kA by the power supplies; as a result,
the stability of the coil against the field variations should be guaranteed. In fact,
we have no experience in the creation of a normal zone during tokamak operation,
including plasma disruptions. In addition, the pulsed field loss due to plasma
disruptions is investigated. When the plasma disruptions with I p « 100 kA as
shown in Fig. 6 occur in series and the machine stops, the constant liquid helium
level increases by reduction of the heat rate to the superconducting magnet
system as is shown in Fig. 7. If the valves for liquid level control are left as they
are, we can estimate the pulsed field loss due to plasma disruptions from the rate
of increase of the liquid level. The measured loss is about 7 kJ, which is
comparable to the calculated value. Effects of higher plasma current on the
superconducting coils will be investigated in the next stage, where the power-up
of power supplies for poloidal field coils will be carried out.

6.

CONCLUSIONS

A superconducting toroidal magnet with Nb 3 Sn conductors has been
developed, and a peak field of 11 T has been achieved with a high average current
density of 5740 A-cm" 2 . A high density plasma has been produced by good
plasma position controls. The successful completion of the first operation
demonstrates that the major systems of the high field superconducting tokamak
TRIAM-1M have operated effectively, as a whole. In addition, the development
of high field and high current density superconducting coils and the stable and
reliable operation of the superconducting tokamak system will encourage design
and construction of the next generation tokamaks.

IAEA-CN-47/H-II-3

331

REFERENCES
[1]
[2]
[3]
[4]

AYMAR, R., et al., IEEE Trans. Magn. 17 5(1981)1911.
KOSTENKO, A.I., et al., IEEE Trans. Magn. 17 5 (1981)2226.
INTOR GROUP, International Tokamak Reactor, Zero Phase (Rep. Int. Workshop
Vienna, 1979), IAEA, Vienna (1980).
ITOH, S., et al., in Controlled Fusion and Plasma Physics (Proc. 11 th Europ. Conf.
Aachen, 1983), Vol. 7D, Part I, European Physical Society (1983).

DISCUSSION
B. COPPI: Your results are an important milestone in the area of high field
confinement. In fact, the TRIAM-1 toroidal magnet can be used to produce
currents of about 1.5 MA with record high current densities. In the long term,
the high field technology you have developed will allow us to begin exploring
the burning conditions for D-D and D- 3 He mixtures.
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Abstract
MFTF-B ACCEPTANCE TESTS AND OPERATION.
Final acceptance tests of the Mirror Fusion Test Facility (MFTF-B) were completed in February
1986. These tests verified the performance of the following subsystems: the magnet system, the vacuum
system and vessel, cryogenic systems, 80 keV neutral beam sources and power supplies, microwave
power systems for plasma heating, the supervisory control and diagnostic system, and the local control
and instrumentation system. The entire magnet system was operated at full field continuously for
24 hours. The largest field alignment error under full load, determined using an electron beam technique, was 6 mm, well within the required precision of 15 mm. Absolute values of the magnetic field
were determined using nuclear magnetic resonance techniques and were found to be within 2% of the
predicted values. All magnetic protection systems and fault protection systems were tested at full load.
At 4.35 K, the cooling capacity of the liquid helium system exceeded the 11 kW rating and the nitrogen
reliquefier met its 500 kW rating.

1.

INTRODUCTION

The Mirror Fusion Test Facility (MFTF-B) construction
project was successfully completed February 28, 1986, with
conclusion of the acceptance test [1], The magnetic field
configuration required for thermal-barrier tandem-mirror plasma
containment was achieved by simultaneous operation of the
following five major systems: the vacuum vessel, the external

* Work performed under the auspices of the United States Department of Energy by the Lawrence
Livermore National Laboratory, under Contract No. W-7405-ENG-48.
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vacuum system, the cryogenic system, the magnet system, and the
integrated control system. Operation of two neutral-beam
injection systems and one electron cyclotron resonant heating
(ECRH) system was demonstrated in a full magnetic field
environment. Magnetic field alignment, magnetic field profile,
and mechanical strains were determined at full field conditions.
Vacuum parameters, eryosystem performance, and magnet power
system parameters were monitored continuously during the fivemonth test.
2.

THE MFTF-B VACUUM VESSEL

Positions of the plasma heating systems (ECRH gyrotrons,
ion cyclotron resonant heating (ICRH) antennas, and neutral
beams) with respect to the MFTF-B magnet system and vacuum
chamber are indicated in Fig. 1. The vacuum vessel system [2]
shown in Fig. 1 provides an appropriate vacuum environment for
the plasma and provides thermal insulation for the magnet
system. Neutral beam sources, beam lines, and diagnostics are
mounted externally on the vessel. Cryopanels, magnets, ECRH
antennas, ICRH antennas, beam dumps, plasma dumps, and
diagnostic sensors are mounted within the vacuum vessel. The
vessel has three main sections: two end sections, each 17.5 m
long and 10.6 m in diameter, and a center section 20.5 m long
and 8 m in diameter. These are connected by two 1.2 m long
transitions to form a vessel that is 58 m in length and 1300 m
in volume and contains about 1.1 x 10 kg of type 304 stainless
steel. The vessel supports the weight of the magnet system,
6
5
about 1.2 x 10 kg, and approximately 5.5 « 10 kg of other
equipment. In addition, it supports longitudinal magnetic
forces, forces associated with energizing the magnets,
atmospheric pressure loads, and seismic loads.
The vessel pressure is reduced from atmospheric pressure
-2
to 1.0 * 10
Torr by four pump t r a i n s , each having a f i r s t stage 385-L/s Roots blower, a second-stage 283~L/s Roots blower,
and a 142-L/s mechanical pump. Below 50 Torr the t o t a l pumping
speed of the roughing system i s 1000 L/s. Ten high-vacuum
cryopumps are used to further reduce the vessel pressure to
1 x 10
Torr. Four of the cryopumps are two-stage
cryocondensing/cryosorption pumps in which helium gas i s reduced
-9
t o a p a r t i a l pressure of 3 x 10
Torr by a sorption process on
a panel t h a t i s continuously sprayed with argon gas. Measured
pumping speeds for He are 1.1 x 10 L/s per pump. Four turbomolecular pumps in a leak-check s t a t i o n provide an additional
16 x 10 L/s helium pumping capacity. At 10
Torr, LHe at
4.5 K i s introduced into the internal cryopanels to reduce the
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b a s e p r e s s u r e t o 1 x 10
Torr.
There a r e about
c o o l e d c r y o p a n e l s t h a t , b a s e d on a c c e p t a n c e t e s t
provide a pumping speed of 67 * 10
3.

10m
of LHemeasurements,

L/s for deuterium gas.

THE CRYOSYSTEM

The cryosystem provides liquid helium to the
superconducting magnets, the cryopanels, the cryocondensing
vacuum pump, and the cryosorption vacuum pumps. These units
operate at 4.5 K and are shielded by liquid-nitrogen-cooled
baffles at 85 K. About 6.6 x 10 kilograms of materials, mostly
various metals, are cooled to these temperatures. Liquid helium
is supplied by two independent closed-loop systems (3 kW and
8 kW), which provided 11,000 watts of cooling at 4.35 K during
the acceptance tests. When operated as liquifiers, these
systems produce 1700 L of liquid helium per hour. During
maintenance and repair periods the magnets were maintained at
LHe temperature by two large storage Dewars (25 and 60
thousand L) and 13 small individual magnet Dewars. Boiled-off
gas vents into a gas storage bag. During warmup of the system,
gaseous helium circulates through heaters (about 250 kW output)
instead of the liquid nitrogen heat exchangers that are used
during system cooldown. The warm helium gas passes through the
cold-box heat exchangers to bring the magnet system temperature
from 4.5 K to room temperature in about 48 hours. Emergency
shutdown of the magnets was tested during the acceptance test.
In such shutdowns, the supply Dewar is automatically isolated
and vent valves on the magnet return lines open to release cold
helium gas into the atmosphere. During operation, special
magnet-quench instrumentation automatically initiates the
emergency shutdown cycle when loss of superconductivity is
detected in a magnet.
4.

THE MAGNET SYSTEM

The MFTF-B magnet array and the on-axis magnetic field
profile used in the acceptance test are shown in Fig. 2. At
each end, two transition coils (T1 and T2) are needed between
the end cell formed by magnets M1 and M2 (i.e., the yin-yang
pair) and the circular central-cell magnets to map the
elliptical magnetic flux bundle leaving the end cell to circular
cross-section in the central-cell region. The 24 coils in the
linear array provide the field environment necessary for tandemmirror plasma physics investigations. Eight rectangular trim
coils (TR coils) are positioned around the transition coils to
correct possible field errors. Table I lists the important
magnet system parameters. All coils (except A2i) are
constructed of filamented NbTi superconductor (up to 512
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FIG. 2. (a) Magnet array for MFTF-B. (b) On-axis MFTF-B magnetic field profile, Feb. 1986.

filaments in the M1 and M2 windings) and are designed to be
unconditionally stable. Coil A2i is a Nb.Sn magnet inserted
into coil A2o to produce the 12T magnetic field on axis. There
are 145,000 Nb,Sn filaments in the cross-section of the A2i
conductor. Coils are cooled to 4.5 K by natural convective flow
of liquid helium into the bottom of each magnet through the
conductor bundle to the top of a Dewar. The C-shaped coils M1,
M2, T1, and T2 are oriented at 45° to the gravitational force to
facilitate liquid helium flow.
Each of the 40 coils is contained in a vacuum-tight
structural case of nitrogen-strengthened stainless steel,
304 LN. Case thicknesses up to 127 mm limit stress below the
permissible 552 MPa (80,000 psi). Spreading forces of the
transition magnets are restrained by structural frames attached
to the outside of the large-radius lobes. The C-shaped magnets
M1 and M2 are interconnected to provide mutual restraint of the
lobe-spreading forces. The combined magnet system and its
support weighs about 1.2 x 10

kg (1350 tons).
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TABLE I. IMPORTANT SYSTEM PARAMETERS FOR
MFTF-B MAGNET SYSTEM

Coil

Major/
minor
or mean
radius
(m)

M2
M1
T2
T1
A2o

2.5/0.75
2.5/0.75
1.20/1.375
0.875/0.70
0.928

Peak

Weight/ field in
conductor
coil
3
(T)
(x10 kg)

(MJ)

Maximui
operati
curren
(A)

23

5.0

113
88

49.5
26.8
30.8

5.3

58

33

5.5

14

28

7.5

77

24

7.0

12.52

12

20

28.0
22.4

7.7

77

22

28.3
28.3
0.186

31
31

4409
3837
6278
5266
4648
1504
4238
2866
2866

35

900

0.113

35

900

182

5.8

182

A1

0.3883
0.928

S6

2.5

S5-S1
TR1-4

2.5
-

5.4

3.24
3.36
2.88

TR5-8

—

5.4

2.2

A21

Stored
energy

Winding
pack
current
density
2
(A/mm )

14.2

20

Calculation of radial transport of plasma in MFTF-B
indicated that the rate was extremely sensitive to the geodesic
curvature of the magnetic field in the transition between the
high field coil A2 and the end-cell mirror coil M1. The
magnetic design minimized this curvature by providing opposing
curvatures in this region. However, further analysis [3] showed
that misalignment of critical magnets by a few millimeters
reduced the geodesic curvature compensation, leading to
predicted unacceptably large radial transport. Trim coils are
placed in the transition regions to bring the alignment
requirements within practical limits. Individual magnets in the
linear array were placed as much as 2 cm from the desired final
position when installed at room temperature so that they would
be in correct positions when cooled to 4.5 K and energized. To
check the alignment at operating conditions, electron beam
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measurements were made in vacuum with the entire magnet system
energized. Displacement errors were found to be 3 mm or less
and rotational errors 0.22° or less, both well within the
±15 mm and +0.6° correction capability of the trim coils.
Absolute values of the magnetic field, determined by using
nuclear magnetic resonance techniques, were found to be within
2% of predicted values. The measured values are indicated in
Fig. 2b.
5.

PLASMA HEATING SYSTEMS

Injection of intense beams of neutral particles is
required to create the thermal-barrier plasma configuration in
MFTF-B. Figure 1 shows the locations of these beams. The beams
in MFTF-B are produced in sources having a four-grid accel-decel
extraction system with an 80 kV accelerating voltage. To
produce the thermal-barrier plasmas, 16 sources operate for
0.5 s and 6 operate for 30 s. In the acceptance tests, two
0.5 s neutral beams were mounted side by side as shown in Fig. 1,
on the right-hand end tank. These beams were operated for 0.5 s
simultaneously at 75 kV and 72 A in the presence of the full
magnetic field. The magnetic shields were found to be adequate
to permit normal arc chamber performance and to prevent beam
loss in the neutralizers. Also, the electromagnetic shielding
was adequate to prevent "crosstalk" between the beams when
either of them interrupted. Measured pressure rise within the
plasma region in the end cell due to the gas feed in the beam
arc chambers was 6 x 10
Torr as calculated for beam operation
without cryopumping.
The MFTF-B facility includes 24 neutral-beam power
supplies, each capable of 88 ampere dc output at 80 kV. These
supplies draw power from a dedicated 250 M M substation. In
addition to the 80 kV accel supply, each beam is provided with a
5500 A, 20 V filament supply and a 4000 A, 70 V arc supply. In
the acceptance test, six of these systems were connected to
dummy loads and powered simultaneously from a common feeder to
determine whether or not the feeder terminal voltage drop was
within acceptable limits. In the quadrant test, we found that
the regulation on the 230-kV substation was adequate, all output
voltages and currents were as specified, and under operating
conditions that there were no interactions among the six sets.
Potential profiles in the thermal-barrier plasmas are
controlled in part by locally heating electrons. Electron
heating in the thermal-barrier and potential maximum regions is
provided by eight gyrotrons, two operating at 28 GHz, two at
35 GHz, and four at 56 GHz. Each gyrotron is rated at 200 kW.
These eight systems are driven by one of the 80 kV neutral-beam
power supplies. The ECRH control system permits individual,
simultaneous, or staggered operation of the eight gyrotrons.
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This flexibility of operation permits the spatial and temporal
variation of ECRH application needed for the wide range of
MFTF-B plasma physics experiments. One gyrotron at each
frequency has been tested at full power. Also, a 28 GHz
gyrotron was tested in operating position in the presence of the
full field at both power and full duty cycle, to verify the
adequacy of the magnetic shielding.
6.

THE INTEGRATED CONTROL AND DIAGNOSTICS SYSTEM

During the acceptance tests, all systems, with one
exception, were operated through the Integrated Control and
Diagnostics System (ICADS). The exception, the 3 kW helium
cryoplant, had been operated in a previous test through a
computer control system. ICADS includes a supervisory control
and diagnostic system (SCDS) made up of a network of nine
Perkin-Elmer 3200 series computers connected through a shared
memory together with seven graphics-oriented operator consoles
and a network of three SUN Microsystems workstations for plasma
diagnostics operation. ICDS also provides for detailed and
local control of hardware through approximately 70 Digital
Equipment Corp. LSI-II computers, numerous CAMAC modules, and
several Gould Modicon controllers. SCDS provides the manmachine interface, data processing, and data storage facilities.
The local control computers provide a standard interface between
SCDS and the MFTF hardware being controlled. The hardware and
software of SCDS have been designed so that any piece of
hardware in MFTF can be operated from any console and so that
the data from the entire system are available to any operator.
SCDS has been designed to tolerate the failure of any single
computer.
The personnel safety and interlock system is based on two
Gould Modicon 584 Programmable Controllers. It is functionally
a stand-alone system that is monitored by the computer control
system so that safety status can be displayed on the consoles in
the control room. The safety system handles the functions of
personnel warning with audible and visual warning devices,
radiation monitoring, oxygen deficiency detection, and fire
alarm monitoring. The system Integrates the personnel safety
features built into each MFTF-B system with global features such
as interlocks, access control, and warning systems for the
vault.
ICADS was used throughout the acceptance test with very
few problems. None of the failures affected the availability of
the overall system, and all failures were rapidly and easily
repaired. Central processor (CPU) utilization measurements
showed sufficient reserve capacity to handle error conditions or
CPU failure with operation in backup mode. Significant software
enhancements were made during the test in response to requests
by the operations staff, with negligible impact on operations.
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Throughout the tests ICADS met or exceeded the requirements
placed on it.
7.

CONCLUSIONS

Operation of the MFTF-B magnet set at full field has
demonstrated the feasibility of designing, constructing, and
operating large-scale complex magnet systems suitable for
advanced fusion devices. The successful MFTF-B acceptance test
clearly advanced not only superconducting magnet technology but
also the technologies of large-scale vacuum and cryogenic
systems and computer-controlled operation of large-scale
facilities.
For further details of MFTF systems see the Proceedings of
the Eleventh Symposium of Fusion Engineering
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Abstract
ADVANCED ICF REACTOR TAKANAWA-I WITH LOW RADIOACTIVITY AND TRITIUM
SELF-BREEDING IN THE PELLET.
To enhance the merits of inertial confinement fusion plants from the viewpoint of fuel
and material resources, energy cost, safety, and required technologies, the authors propose an
advanced ICF reactor concept, TAKANAWA-I. A D-T ignitor and a deuterium fuel pellet
expecting tritium self-breeding in the pellet and liquid lead curtains as energy and shock
absorbers for protecting a SiC shield and the reactor vessel are employed.

1.

INTRODUCTION

Inertial confinement fusion (ICF) reactors do not need magnetic coils for
plasma confinement; they use a high vacuum of 10" 8 -10~ 9 torr. Therefore,
a simple and compact reactor system is to be expected; no too serious material
problems are anticipated by employing liquid metal walls. It is, however, still
difficult to meet the requirements of social acceptance from the viewpoint of
fuel and material resource restriction, energy cost, and safety. For example,
343
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FIG. 1. TAKANA WA-I reactor concept.

to use liquid lithium for tritium breeding, as primary coolant and for first wall
protection, we shall have to face an enormous energy cost from the extraction
of lithium from the seawater; remote maintenance will be difficult since the
lithium flow shows good compatibility only with a stainless steel vessel which
has a long decay time for its high induced radioactivity. Therefore, we should
find a reactor concept without Li blanket, using materials whose induced
radioactivity decays rapidly. The advanced ICF reactor TAKANAWA-I [ 1 ]
(see Fig. 1 and Table I) is such a concept; it will be discussed in the following.

2.

D-T IGNITOR AND DEUTERIUM FUEL PELLET

We employ a D-T ignitor and deuterium fuel pellets [2, 3], expecting
self-sufficient tritium breeding in the pellet in order to eliminate the lithium
blanket; we use another material, for example lead, for the liquid metal wall.
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TABLE I. MAJOR PARAMETERS OF TAKANAWA-I
DT/D/ 3 He P e l l e t

DT/D Pellet
Total Thermal Output (MW)

3597

Fusion Power From The Pellet (MW)

2658

3145
'ulOOO

Net Electric Power (MW)

1

Repetition Rate (Hz)

>v30

3eam Energy (MJ)
3

2500

e l l e t Density (x l i q u i d density)

I g n i t o r Final Radius (pm)

100

D Fuel Final Radius (ym)

300
1.4

Internal Fuel Energy (MJ)

102

Pellet Gain

89

0 Burn-up (%)

22.1

24.6

teutron Energy (MW)

652

558

T Breeding Ratio

1.12

1.39
1.13

—

He Breeding Ratio
I g n i t o r Amount

CJ

1.25/-

/Fuel Amount

i D

0.83/43. 39

(ing/shot)
Exhaust Amount
(mg/shot)

3

l He
f

l

D
-. H
3

T Inventory
(g)

34.47
1.24

He

1.80
4.77

Coolant

V80

182

0.1

0.1

Structure

12

12

In-Site

0

0

Off-Site

None

None

192.1

194.1

.Total
Pb Coolant

-/1.40

L4He
'Fuel Cycle

1.18/0.79/40.22
0.06/3.24
1.64
30.92
1.64
3.71
5.94

("Flow Rate (ton/s)
•< I n l e t Temperature (° C)
Outlet Temperature ( °C)
IPumping Power (MW)

600
505
550
80
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FIG. 2. Relations among fusion yield, tritium breeding ration (TBR), and PD.RD in case of
D-T/D pellet. Initial conditions: constant density = 9.6 X 102s cm'3, ion temperature =
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When a PrjRo value of 10-15 g-cm 2 (pj) and RJJ are the density and the
final radius of the deuterium fuel at the end of compression phase) is attained
by effective compression, once the D-T ignitor is heated up to several keV, the
a-particles will heat the ignitor itself, and the neutrons will heat the deuterium
major fuel surrounding the ignitor up to several hundreds of keV. The bulk of
the tritium produced through the D-D reaction will burn during explosion;
however, some amount of unburnt tritium is used as a fuel for the D-T ignitor.
The 1-D hydro code MEDUSA-IB including a time dependent neutron
transport routine is used to simulate such effects. In the calculation, charged
particles and recoil ions from neutrons are assumed to deposit their energy
locally and instantaneously. Bremsstrahlung radiation is also assumed to escape
freely from the pellet.
Figure 2 shows relationships between pR, fusion yield, and tritium breeding
ratio (TBR). The case of a compression of 2500 times satisfies the requirements
of 2500 to 3000 MJ fusion output, a TBR higher than unity, and a possible pellet
gain. The detailed burn characteristics of the above-mentioned case and the case
of 5% 3He concentration are listed in Table I [4]. No realistic driver system or
pellet compression scenario has been found so far; this is among the most difficult
and as yet unsolved problems in ICF research. In our case, on the assumption of
a 5% hydrodynamic efficiency, a high driver efficiency of 20% is required, because
of the low pellet gain (e.g. ~100). An intense pulse power generator system is one
of the candidates for a driver system. Two possible scenarios for pellet compression
have been proposed: 'radiation conversion of light ion beams' [5] to reduce the

IAEA-CN-47/H-HI-4

347

number of beam lines and to mitigate beam focusing, and 'indirect REB irradiation'
[6] with direct power transport through a micro, self-magnetically insulated
transmission line. However, these scenarios are in their infant stages and hence
left to further studies.

3.

REACTOR CAVITY

Liquid lead multilayer curtains at a mean velocity of 10 m-s" 1 are employed
as primary coolant and for first wall protection. The melting point of lead is
relatively low; lead shows a rapid decay of induced radioactivity and good compatibility with other materials. SiC is employed as a structural material for shield
and vessel, because of the rapid decay of induced radioactivity. At the present
state of the art, SiC is not an adequate structural material because it is brittle and
difficult to weld. As fine ceramic research is now rapidly progressing, we might
be justified in predicting optimistically that it will be usable in future. In the
shield, liquid lead flows at a velocity of 0.5 m-s" 1 to remove the heat and to
shield the 7-rays.
The results of the neutronics calculations are shown in Fig. 3, obtained by
using the energy spectrum of emerging neutrons from the pellet. A remarkable
result is that the incident neutron energy of 3.7 MeV/neutron (the total energy
is 652 MJ/shot) is multiplied in the lead curtains and in the lead flows in the
shield by the (n,7) reaction up to 9 MeV/neutron (total: 1591 MJ/shot). The
lead curtain of 75 cm thickness is required to reduce the neutron wall loading
at the shield surface, in order to secure a long life, down to 0.5 MW-m"2 (i.e.
10 MW-a-m" 2 for 30 years' operation with 70% availability). This entails the
need for an intense lead mass flow which requires high pumping power. The
neutron dose rate of 1.6 X 10~2 mrem-h" 1 is sufficiently low at the outer
surface of a heavy concrete layer of 1.5 m thickness used as a biological shield.
Figure 4 shows the total induced radioactivity per unit of thermal power.
The radioactivity level at shutdown is of the same order of magnitude as was
obtained in previous reactor studies [7, 8]; however, the level reduces rapidly,
by two orders of magnitude, during one day, and by six orders of magnitude
during one year [9]. When the entire amount of liquid lead is removed from
the reactor cavity after shutdown, relatively easy reactor maintenance can be
expected within several days, because of the low radioactivity of SiC.

4.

FUEL CYCLE

Figure 5 is a schematic diagram of the fuel cycle. The flow rates in g- d"1
are shown for the case of injection of a D-T/D/ 3 He pellet. No tritium storage
is provided in this fuel cycle. Tritium extraction from tritiated hydrocarbon or
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tritiated water could be required when the effects of chemical sputtering of
charged particles with the structural materials are taken into account [10].
Isotope exchange or an oxidation-reduction operation can be used to extract
the lithium. The 3 He related operations can be omitted from the fuel cycle
when the D-T/D pellet only is used. The tritium inventory of the reactor
(in-site inventory) is one-third of LOTRIT [11] and 1/70 of HIBALL [7]. The
path of pellet injection proposed in this design eliminates in-site and off-site
tritium storages.
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FIG. 5. Fuel cycle (flow rate in g-d'1) in case ofD-T/D/3He pellet.

The use of lead as a coolant leads to reduction of the lithium inventory
in the coolant. The inventory in the structural material (SiC) is assumed to
amount to the same value as those of the HIBALL and LOTRIT designs. The
tritium release from the fusion reactor must be minimized so as to avoid any
effect on the environment. Accordingly, a reactor building should have a system
for scavenging tritium not only as a steady operation but also in case of an
accidental release. It is required that the system be able to compensate for the
decrease in the capability of tritium scavenging due to humidity in the air of
the reactor building [12].

5.

CONCLUSIONS

The advanced ICF reactor concept TAKANAWA-I employs a D-T ignitor
and a deuterium fuel pellet to eliminate the lithium blanket and to use lead
for the liquid wall and SiC for shield and vessel whose induced radioactivities
decay rapidly (10~6 Ci-W(th)""1 after one year). Therefore, we may expect
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a low tritium inventory (below 200 g), no restriction in the material resources,
easy remote maintenance, and reasonable energy cost (an energy ratio of
about 20). The system requires, however, high driver energy and pumping
power for the liquid lead. A realistic driver system and the pellet compression
scenario are being studied, at present.
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Abstraa
STUDY OF COATINGS AS HIGH HEAT FLUX MATERIALS.
Fundamental aspects of coatings for the application as a high heat flux material are studied.
The thermal stability of coatings under various heat load conditions, from an isothermal condition to a dynamic heat load test with a heat flux of more than a few tens of kW- cm""2, is demonstrated. The experimental results are analysed from the viewpoint of thermochemical and
thermomechanical interactions between coated films and their substrates. Titanium carbide
(TiC) deposited on molybdenum (Mo) and TiC deposited onto graphite are coatings that
have been studied extensively.

1.

INTRODUCTION

It is recognized unanimously that the problem of high heat flux represents
one of the critical technological issues in both near term and long term fusion
R&D programmes [1,2]. Among many scientific and technological research
fields relevant to high heat flux problems, the research into and the development of
high heat flux materials should be highlighted.
A variety of new materials are proposed as candidates for high heat flux
materials. Among them, coatings have some advantages over other candidate
materials. Some large tokamaks adopted the coatings as their first wall materials.
The coatings have accumulated records of performance, which have, however,
revealed some shortcomings of the coatings as high heat flux materials. The
coatings have shown some failures under high heat flux conditions. As one of
the important failure mechanisms, thermochemical and thermomechanical
interactions between coated films and their substrates are identified.
Here, we have studied fundamental aspects of coatings for the application
as a high heat flux material. Titanium carbide (TiC) deposited on molybdenum (Mo)
(Mo), and TiC deposited on graphite are coatings that we have studied extensively.
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EXPERIMENTAL PROCEDURES

Titanium carbide films were deposited on substrates of molybdenum,
graphite and other materials such as tungsten, by the various vapour deposition
methods at 600 to 1400 K. Details of the coating procedures have been reported
elsewhere [3, 4]. Typical thicknesses of the deposited TiC films were about 10 /urn.
Typical dimensions of coated materials were (10-25) X (10-25) X 1 mm 3 .
The coated films were characterized by conventional procedures. Hereafter,
TiC will designate a stoichiometric titanium carbide, which is well crystallized
and has nearly the same chemical bonding state as bulk titanium carbide produced
in thermally equilibrated conditions. When non-stoichiometric titanium carbide is
mentioned, it will be denoted by TiC x .
Three types of heat load tests were applied in this study. In the first test,
the coatings were heated isothermally at temperatures between 1200 and 2300 K
for 15 to 300 min in a vacuum of 5 X 10"4Pa in a tungsten resistance furnace.
The second and third types of tests were undertaken by using an electron beam
apparatus. The electron beams used as heat source had 60 V in energy and
80 to 150 A- cm"2 in current in the second type test [5] and 3 kV in energy
and about 10 to 100 A-cm"2 in current, in the test of the third type. This low
energy electron beam is simulating near surface heat deposition. The last type
test had a heat flux of about 30 to 300 kW-cm"2, for 1 to 40 ms.
Also, a computer simulation was carried out to examine the behaviour of
coatings under high heat flux conditions. Details of the computer simulation
technique adopted in this study can be found elsewhere [6].

3.

EXPERIMENTAL RESULTS AND DISCUSSION

In the case of isothermal heating in a dynamic vacuum of 5 X 10"4 Pa,
the coated specimens lost their mass by vaporization. The measured vaporization
rates of the TiC and TiCo.67 coatings on various substrates are shown in Fig. 1 as
a function of temperature.
First, the vaporization rate depended on the chemical composition of the
deposited films. The TiCo.67 films had a vaporization rate one order larger
than that of a stoichiometric TiC. This is due to the strong dependence of the
titanium vapour pressure on the chemical composition of TiC x . Secondly, the
vaporization rate is found to depend strongly on the kind of coating substrate.
The TiC film, which is deposited on graphite substrate, has the lowest vaporization
rate: less than 0.3 jig-cm^-min" 1 at 2300 K. This vaporization rate is about the
same as that of the bulk single crystal TiC. On the other hand, the TiC film on
molybdenum substrate has a vaporization rate of about 180 /ng-cm~2-min~'
at 2300 K.
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This high vaporization rate of TiC on molybdenum substrate is due to
thermochemical interaction between the TiC film and its molybdenum substrate.
At elevated temperatures, molybdenum atoms diffuse into TiC films to form
(Ti,Mo) x Ci_ x , which has a far higher titanium vapour pressure than TiC.
As a result, the molybdenum diffusion into TiC enhanced the vaporization of
titanium substantially.
Niobium, vanadium and some other carbide forming refractory metals
were also found to interact with TiC thermochemically. In this study, only
tungsten showed good resistance to the thermochemical interaction with TiC
at elevated temperatures. The diffucion depth of tungsten into TiC was about
one order less than that of molybdenum at 2100 K as is shown in Fig. 2. As a
result, TiC on tungsten substrate had a vaporization rate one order smaller than
that of TiC on molybdenum as is shown in Fig. 1.
The rate of thermochemical interaction between TiC and its substrate was
found to depend strongly on the microstructures of TiC. In particular, the
existence of excess titanium vacancies is considered to enhance the thermochemical interaction. The molybdenum diffused into a TiCj 5 film with an
apparent activation energy of about 230 kJ-mol" 1 as is shown in Fig. 2. The
TiCj 5 film was analysed and showed a large amount of titanium vacancies.
On the other hand, the stoichiometric TiC interacted with its substrate
molybdenum with an apparent activation energy of about 600 kJ-mol" 1 as is
shown in Fig. 2. In general, higher temperature coating methods such as CVD
provided TiC films which had less titanum vacancies and a lower rate of
thermochemical interaction with their substrate.
With the increase of heat flux, melting of the coatings takes place. Figure 3
shows the melted area of TiC coating as a function of deposited energy, with a
heat flux of 5.3 kW-cm"2 in the test of the second type. The TiC coated
molybdenum began to melt at lower deposited energy, i.e. at 5-6 kJ-cm" 2 , than
the uncoated molybdenum which began to melt at about 8 kJ-cm" 2 .
This premature melting of TiC coated molybdenum is due to thermochemical
interaction between TiC and molybdenum. MoCj _ x and/or (Ti,Mo)Ci_ x is
formed at the interface between TiC and molybdenum. As MoCi_ x and (Ti,Mo)C!_ x
have lower melting points than TiC and molybdenum, the initiation of melting
takes place at the interface, in the case of TiC coated molybdenum. Once melting
takes place, the produced liquid phase further enhances the chemical interaction
between TiC and molybdenum, through a liquid phase reaction. Thus, melting
propagates fast, a substantial amount of titanium vapour being produced.
The insertion of a 5 m thick intermediate tungsten layer between the TiC
film and its molybdenum substrate hindered the thermochemical interaction and
the formation of low melting point compounds at the interface. As a result, TiC
coated molybdenum with an intermediate tungsten layer (TiC/W/Mo) demonstrated
excellent resistance to melting, even a little superior to the uncoated molybdenum
as is shown in Fig. 3.
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When a heat flux of 5-6 kW- cm 2 was applied to the graphite, a substantial
amount of sublimation took place, but no mechanical fracture was observed. On
the contrary, the TiC coated graphite was cracked to fracture by application of
the same amount of heat flux, as is shown in Fig. 4. Computer simulation indicated
that strong shear stress is generated at the interface between TiC and graphite, due
to thermomechanical interaction between the TiC film and its graphite substrate.
When the applied heat flux exceeds 30 kW- cm" 2 , flaking of the TiC film is
expected from the computer simulation. In this case, the TiC film will break
within its matrix when the TiC film is thick. When the TiC film is thin, exfoliation
of TiC from its substrate will take place. The actual test revealed occurrence of this
type of exfoliation of the TiC film on graphite. The experimental results also
indicated that pre-injection of hydrogen isotope atoms would enhance this type
of exfoliation.
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CONCLUSIONS

High heat flux problems are seriously demanding the development of new
materials, which will be composed of multielements and multimaterials. These
complex materials will behave differently in different heat load conditions.
One example for the complexity of this behaviour has been treated in this
paper. Further studies an needed using new high heat flux test facilities, which
will simulate the actual heat load conditions in fusion devices; they will contribue
to the construction of reliable database for high heat flux materials [7].
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Abstract
DEVELOPMENT OF SUPERCONDUCTING MATERIALS AND MAGNET TECHNOLOGY
FOR THE NEXT GENERATION OF FUSION MACHINES IN JAPAN.
For the construction of the Fusion Experimental Reactor (FER), which will follow the
already operating JT-60, superconducting magnet technology is making significant progress in
Japan. The Japan Atomic Energy Research Institute (JAERI) has systematically developed
toroidal and poloidal coils since 1977 and is ready to construct a 12 T prototype toroidal
coil for the FER. JAERI has also carried out developmental work for pulsed coils. Furthermore, a new technology for advanced high field superconducting materials has been developed
at the National Research Institute for Metals. A 16 T superconductor is ready for large scale
verification and new technologies for 20 T superconductors are being developed.

1.

INTRODUCTION

A leading fusion programme in Japan was the development work for the
Fusion Experimental Reactor (FER). The JT-60 is now in operation and work
for the construction of the FER is progressing. Major tasks for the FER are
the demonstration of the self-ignition state of the D-T plasma for several
hundred seconds and the demonstration of the engineering feasibility of large
tokamak reactors.
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FIG. 1. JAERI's superconducting toroidal programme.

It has been widely recognized that the technology of superconducting
magnets is absolutely indispensable for the FER. If copper magnets would be
used for the FER, the electric power consumption would be much higher than is
feasible and it would be completely impossible to achieve pulsed plasma operation with long pulses [1]. Therefore, the Japan Atomic Energy Research
Institute (JAERI) has systematically developed toroidal and poloidal coils
since 1977 [2] and remarkable progress has been made.
In addition to the development of large magnets, a new technology for
advanced high field superconducting materials has been developed at the
National Research Institute for Metals (NRIM). Major achievements for application in the range of 16-20 T are described.
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FIG. 2. The JA-LCT coil developed by JAERI.

2.

LARGE HIGH FIELD TOROIDAL COILS

The key technologies required for toroidal coils are those for the construction of large coils (about 10 m high) and for the realization of high field coils
(12 T). JAERI has carried out two major programmes for the development of
these technologies: the Large Coil Task, with the aim of developing large coils
(about 5 m high), under the auspices of the International Energy Agency, and
the Cluster Test Programme, with the aim of developing high field coils
(see Fig. 1).
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FIG. 3. Standard-I test of the JA-LCT coil; 100% charging with the backup field of the coils
developed in the USA (GD, GE, WH), in Switzerland and by Euratom.

2.1. The Large Coil Task

The Large Coil Task (LCT) is an international programme for the study
of problems in connection with the design and construction of toroidal coils
for large tokamaks. As a participant in this programme, JAERI has developed
the Japanese LCT coil (JA-LCT coil) [3].
The JA-LCT coil, shown in Fig. 2, was the first coil to be charged up to
100% current. A domestic test was performed in 1982 at JAERI. After the
completion of another five LCT coils (three of which were developed in the
USA, one in Switzerland and one by Euratom), the JA-LCT coil was charged
up to 100% current. The other five coils were charged up to about 80% current
in August 1986 at Oak Ridge National Laboratory. The maximum magnetic field
generated in the testing of the JA-LCT coil was 8 T (see Fig. 3). The JA-LCT
coil showed excellent performance, as designed [4], and the applicability of the
technology for the construction of a large coil (about one-half of a toroidal
coil for the FER) was proven. The major technologies developed in this
programme are listed below.
- The critical current density of Nb-Ti was doubled.
- The maximum heat transfer capability from the conductor to liquid helium
was increased to 1.3 X 104 W/m 2 , which is about four times that achieved
with a flat metal surface [5].
- The design and fabrication of high current conductors (more than 10 kA)
were realized and winding techniques were developed.
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These techniques were the basis for the development of a 50 kA pulsed
conductor for poloidal coils.
— Design and fabrication methods for a reliable pool boiling water cooled
large coil were established.
— An experimental comparison between a pool boiling water cooled coil
and a forced flow cooled coil was performed and guidelines for further
application and development were set up [6].
— High strength structural materials (yield strength 800 MPa) were developed
and used for the LCT coil; also, a new cryogenic steel was developed
(yield strength more than 1200 MPa [7]).
— Insulating materials were developed and evaluated [8].
— A mechanical design standard for superconducting large coils was
investigated and the stress data obtained were evaluated with a new
concept [9].
— The validity of the pulse loss analysis of large coils was confirmed by
dump loss measurements.
— Techniques for the fabrication and operation of large helium liquefiers/
refrigerators (350 L/h, 1.2 kW) as well as magnets were established [10].
2.2. The Cluster Test Programme
JAERI has carried out the Cluster Test Programme with the aim of developing
high field toroidal coils. JAERI has already developed cluster test coils for 7 T, cluster
backup coils for 10 T [ 11 ] and a test module coil for 12 T. This test module
coil is an Nb 3 Sn, pool boiling water cooled coil with 1.6 m o.d. It has been
successfully charged up to 33 A/mm2 at 12 T and up to 45 A/mm 2 at 10 T [12].
On the basis of this achievement the designed current density of the FER was
raised to 30 A/mm 2 at 12 T.

3.

POLOIDAL COILS FO R PULSED OPERATION

One of the most important requirements for poloidal coils is the operation
under pulsed current and field. LCT coils designed for DC operation are charged
up to their rated current in about one hour, but pulsed poloidal coils have to be
charged up to their rated current in a few seconds; therefore, a much higher
technology is needed for pulsed poloidal coils, even when the achievements of
the LCT and the Cluster Test Programmes are considered.
Major requirements for the pulsed coil technology are: (a) high operating
current (more than 30 kA), (b) high voltage insulation in order to withstand
the operating voltage of about 10 kV, and (c) low pulse loss in order to keep
the coil stable and to keep the refrigeration load low during pulsed operation;
the pulsed loss has to be decreased to about 1/1000 of that of DC coils.
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JAERI has carried out developmental work for pulsed coils, as shown in
Fig. 4 [ 13, 14]. After the development of pulsed conductors of a capacity of
up to 50 kA and the development of a pulsed coil (Poloidal Unit Pancake [15],
30 kA, 1.5 MJ), JAERI started the programme of Demonstration Poloidal
Coils (DPC) in 1985. This programme aims at demonstrating the pulsed coil
technology for inner poloidal coils of tokamaks. Three pulsed coils with
2 m o. d. are being developed. The DPC is composed of two Nb-Ti, 30 kA
pulsed coils (DPC-1, DPC-2) designed for 7 T, and an Nb3Sn, 10 kA pulsed
coil (DPC-EX) designed for 10 T. The stored energy of DPC-1 and DPC-2
is 30 MJ; when the DPC-EX is added, the stored energy is increased to 40 MJ.
Forced flow cooling was selected for the DPC so that it can withstand the
nominal operating voltage of 6.6 kV [16].
At present, JAERI constructs a test facility for the DPC, the Superconducting Engineering Test Facility (SETF) [17]. This includes a supercritical
helium pump system with a capacity of 500 g/s at 4.0 K. For the charging of
the DPC, the large power supply system of the JT-60 will be connected to the
SETF and a unit with a capacity of 5 kV and 53 kA will be used [18].

4.

RESEARCH AND DEVELOPMENT OF HIGH FIELD
SUPERCONDUCTORS AT NRIM

4.1. Titanium doped Nb 3 Sn multifilament wire conductor
A modification of the bronze process has been made; Ti is added to the
Nb core and/or the Cu-Sn conductor [19]. The optimal amount of Ti addition
is found to be 2-3 at.% to the core and 0.3-0.5 at.% to the matrix. With the Ti
additions the upper critical field and the critical current density at high fields
are drastically increased, as shown in Fig. 5. Titanium doped Nb3Sn multifilament wire conductors have already been used for choke coils of MFTF-B
at the Lawrence Livermore Laboratory and for the outer coil of a 31 T hybrid
magnet at Tohoku University, as well as for several Nb 3 Sn/NbTi magnets of
the 15 T category at NRIM and other institutes in Japan. The magnet at
NRIM has a bore of 180 mm, and when a V3Ga magnet is inserted, a field of
18.1 T can be generated, which is the highest field ever achieved by a superconducting magnet [20].
4.2. V2 (Hf,Zr) multifilament wire conductor
The superconducting Laves phase compound, V2(Hf,Zr), is known to be
resistant to neutron irradiation and insensitive to applied strain. It is thus assumed
to be a promising material for fusion magnets. Multifilament wire conductors of
this material (1634 cores) have been developed by a composite diffusion process.
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A critical temperature of 9.9 K, an upper critical field of 22.1 T at 4.2 K, and an
overall critical current density of 1 X 104 A/cm2 have been obtained at 16 T,
as shown in Fig. 5 [21 ]. Since the upper critical field and hence the critical
current density at high fields are increased rapidly with decreasing temperature,
these conductors may be especially suitable for use at superfluid helium temperatures.
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4.3. Nb3Al and Nb 3 (Al,X) tape conductors
Many of the superconducting materials to which the bronze process cannot
be successfully applied have high temperature phases with a high critical temperature, but they are not in equilibrium at ambient temperatures. The advanced
fabrication techniques have been developed for such materials as Nb3 Al and
Nb 3 (Al,X). One technique is a modification of liquid quenching. With this
technique, an Nb3(Al,X) (X = Ge,Si) tape conductor can be produced by
quenching the liquid phase of this material on a moving copper substrate tape
and heating the tape to above 800°C [22]. Values of the critical current density
of about 1 X 10s A/cm2 at 20 T have been obtained, as shown in Fig. 5.
The second technique is an application of the high energy and high density
beam irradiation where either an electron beam or a laser beam irradiates a
travelling composite tape containing powders of Nb, Al and Ge compacted in
an Nb sheath. Because of the highly concentrated energy beam irradiation,
extremely localized heating and subsequent cooling occur in the travelling
tape, and the high temperature A-15 phase can be formed and preserved. The
maximum critical temperatures obtained are 18.5 K for Nb3 Al and 20.2 K
for Nb3(Al,Ge). The measured critical current density characteristic of Nb3 Al
is shown in Fig. 5 [23, 24].

5.

CONCLUSIONS

For the Fusion Experimental Reactor, which is being constructed now
that JT-60 has been put in operation, superconducting magnet technology has
made significant progress in Japan. JAERI is ready to construct a 12 T prototype toroidal coil for the FER. For poloidal coils, in addition to the ongoing
development of the Demonstration Poloidal Coil at JAERI, development and
testing of a large diameter ring prototype coil are necessary. Also, efforts
to develop large cryogenic systems for the FER will be continued by JAERI.
Research and development for advanced superconductors have been
actively carried out at NRIM. Titanium doped Nb3 Sn is now ready for large
scale verification, using a 16 T.coil with a coil bore of several metres. This
ambitious project can bring about a breakthrough in the development of the
advanced 16 T tokamak [25].
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Abstract
ENGINEERING STUDY OF THE FEASIBILITY OF A FUSION POWER REACTOR EMPLOYING
THE DENSE Z-PINCH PLASMA CONFINEMENT GEOMETRY.
The findings of an engineering assessment of a commercial fusion reactor based on the dense
Z-pinch (DZP) confinement geometry are reported. A major requirement is a system for supplying electrical energy to the pinch with the required pulse form and at high repetition rates; the very high rate
of current rise required imposes a low upper limit on the inductance of the primary circuit. A second
requirement is that the electrodes supplying the electrical power to the pinch must be capable of
continuous operation over long periods with acceptably low rates of damage from repeated pinch
discharges; for this, liquid cooled electrodes or even all-liquid electrodes may be needed. The studies
showed the importance of ensuring the recovery of the electromagnetic field energy from the pinch zone
after discharges, and that asymmetric configurations of the discharge zone are unlikely to be satisfactory. It can be expected that a DZP reactor will operate at moderate or high pressure and will therefore
require a pressure vessel similar to that of pressurized water fission reactors. Present indications are
that neutron damage to the containment vessel can be kept at acceptable levels and that power densities
similar to those of PWRs will be achieved. Therefore, the DZP concept could provide an economically
viable power source. Three tentative reactor layouts are presented; in each the plasma column is
approximately 100 mm long, 30 ^m in diameter and of 7 x 1027 m~3 number density carrying a peak
current of 1.5 MA.

1.

INTRODUCTION

The many studies of tokamak reactors have led to the realization of the need
for reactors of lower overall size and complexity, and higher power density [1-3].
The dense Z-pinch (DZP) offers the possibility of achieving these.
The two commonly quoted shortcomings of the DZP are MHD instability and
end energy losses. There is now firm experimental evidence [4] that a compressional
Z-pinch can exhibit stability for up to 20 radial Alfve"n transit times, and losses have
been shown theoretically to be a small fraction of fusion energy output under the high
density plasma conditions envisaged for a reactor [5]. Typically, these conditions are
367
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a number density of 7 X 1027 m"3, a peak current of 1.5 X 106 A, a temperature of
5 X 108 K, a pulse duration of 300 ns and a plasma length of 100 mm, giving a
plasma diameter of 30 /xm. Such a pinch would release about 4 MJ of fusion energy
per discharge. The conditions proposed here are similar to those used previously [6],
except that we aim at reducing significantly the pulse length required for a
large fractional burn by employing radiative collapse to largely increase plasma
density [7].
Questions do remain regarding the attainment of the conditions required for
fusion and the stability of the pinch, but they are not discussed further in this paper.

2.

ENGINEERING CONSTRAINTS ON REACTOR DESIGN

This study has identified the principal physical requirements of a DZP reactor
and determined the constraints within which such a reactor must be designed. We
have tried to remain aware of the need for the reactor to satisfy economic as well as
technical criteria. The following topics have been identified as crucial.
2.1. Repetitive pulse feed
The repeated production of the current and voltage waveforms necessary for the
creation of the pinch conditions has been studied. The use of circuits employing
wholly passive elements, including non-linear saturable inductors as magnetic
switches, has been shown to be attractive, particularly with regard to efficient
magnetic energy recovery. An order of magnitude more energy is stored in the
magnetic field around the pinch than is stored as thermal energy in the pinch itself,
and efficient recovery of this energy is necessary. Simulations of a pinch of varying
radius coupled to a circuit employing saturable inductors indicate that the required
high fractional recovery is possible in principle. The reactor must present to the
pulsed power supply an inductance of the order of only 1 /iH, to permit the necessary
rate of current rise of 1013 A-s"1 to be achieved with practicable supply voltages.
Also, unless the electric current flow is symmetrical about the axis of the pinch, large
net electromagnetic forces act sideways on the plasma. Simulations of the plasma
response predict a terminal velocity of 2 x 105 m-s" 1 . This is unacceptable because
of both the accretion of the cold gas and the enhancement of instabilities. The need
for symmetry and low inductance imposes geometrical constraints on the reactor
design.
2.2. Electrode wear
Energy losses from the ends of the plasma result largely in thermal energy
generation at the electrode tips. Although constituting only a small fraction of reactor
output, these end losses represent a significant absolute power, and some evaporation
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of electrode material is inevitable. Estimates of the loss rate have been made and
compared with experimental data [8] from laser targets subject to similarly high
power densities (of the order of 1018 W-m" 2 for 10~7 s). While this loss is perhaps
tolerable, it can be avoided by the use of an electrode with a liquid metal surface.
2.3. Tritium breeding and inventory
The breeding of tritium in a DZP reactor should present no particular difficulty
and because of the reduced complexity of this reactor it would be easier than in
tokamaks. The use of heavy water as moderator and coolant has attractions, and a
detailed study of this has been made [9].
The use of a high pressure reaction region increases the difficulty of a significant tritium inventory which is present both as a gas and dissolved in materials
(especially water or liquid metal) bordering this region. This is of concern regarding
the initial availability and the doubling time. Solutions considered include prior saturation with a chemically similar gas such as deuterium, and the use of filaments of
a liquid or solid D-T mixture as fuel.
2.4. Heat removal
Water, lithium and lithium-lead mixtures have been considered as moderators
and coolants. In the DZP reactor, most of the thermal energy is generated within the
coolant, rather than being transferred to it by conduction and convection. The
reduced need for large heat transfer surface areas of the DZP helps to attain
attractively high power densities.
2.5. Pressure vessel damage
The DZP is unique among the proposed fusion reactors in its probable use of
a high pressure (—10 MPa) reaction region. The reactor thus will probably require
pressure vessel technology akin to that of the PWR, and similarly stringent constraints on neutron radiation damage to the vessel would need to be applied. PWR
vessels experience typically 10~3 times the damage anticipated before the replacement of tokamak first walls. Calculations [9] show that adequate internal shielding
and breeding materials can be included in the DZP to reduce vessel damage to the
values found for PWR vessels, while power densities similar to those of PWRs and
more than an order of magnitude greater than those of tokamaks will still be achieved.

3.

REACTOR CONFIGURATIONS CONSIDERED

No definitive reactor configuration has been established, but, to assist with the
identification of the main engineering problems, we have set up tentative layouts as
bases for preliminary assessment. Two of these layouts are shown in Figs 1 and 2.
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FIG. 3. Layout of a water-cooled reactor (from Ref. [10]).

In Fig. 1, the liquid lithium blanket is separated from the central (gas filled)
zone by a metal wall. Deuterium and tritium are supplied to the reaction zone, and
a mixture of D, T and He and lithium vapour is withdrawn to the processing plant
for separation and cooling as required before recycling. The liquid lithium would also
be recirculated through the external plant for cooling and extraction of tritium. The
upper electrode would be cooled by an internal flow of, for instance, liquid lithium.
Some liquid would pass through a porous region at the lower end of the electrode,
providing protection from the intense local heat flux from the plasma. The lower
electrode would be protected by a layer of liquid lithium. In Fig. 2 the gas zone is
separated from the liquid lithium body by maintaining vortex motion in the latter. The
electrode arrangements would generally be similar to those shown in Fig. 1.
An outline of a DZP design was published [10] shortly after our study began,
and is reproduced here as Fig. 3. We have used both this proposal and our own ideas
primarily as vehicles for the identification of reactor requirements and constraints.

4.

CONCLUSIONS

It is felt that the DZP is a very promising candidate for a fusion power reactor.
Experimental and theoretical progress with the physics is encouraging, particularly
in the areas of stability and radiative collapse. The assessment of the engineering
feasibility has not shown the concept to suffer from any insuperable problems, but
suggests that relatively small, simple DZP reactors could be built with high power
densities.
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Abstract
DEUTERIUM BASED FUEL CYCLES: THE BENEFITS OF TRITIUM LEANNESS.
The correlation between the tritium fuelling rate relative to that of deuterium and the tritium
breeding requirement in the blanket is investigated. The entire domain between a 1:1 deuterium-tritium
(D-T) fuel mixture and D-D fusion (with and without recirculation of tritium and/or helium-3) is studied
for plasma confinement and reactor parameter values which are believed to be representative of concepts
associated with D, T and 3 He based fuel cycles. The paper describes the model that is used to simulate
(1) the energy and particle flows into, within and out of the plasma, (2) the plasma confinement, and
(3) the reactor concept. Special emphasis is put on the behaviour of suprathermal ions and the synchrotron radiation loss. A short description of the in-house data library developed for this study is also given.
The results show the strongly non-linear relationship between the tritium breeding capacity of the
blanket, the tritium fraction in the plasma and the fusion power density. The possible operational
domain, defined by ignition or by the positive net electrical power output, is calculated as a function
of the T/D fuelling rate ratio and the plasma temperature. The neutron power fraction and the number
ratio for slow and fast neutrons as a function of these variables is also presented. Sensitivity studies have
been performed for a large part of the externally given parameters in order to ensure that the results
shown in this paper can be considered as representative. On the basis of these and similar results it
should be possible to optimize a D-T reactor with respect to a broad range of physical, technological
and other aspects.
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INTRODUCTION

In principle, there is a much larger variety of fuel options for fusion than for
fission. However, the only credible candidate as a 'near term' fusion fuel seems to
be a mixture of deuterium (D) and tritium (T) with a density ratio of 1:1. This choice
reflects the prevalence of physical arguments over technological arguments because
low ignition temperature and high power density are traded in for particularly severe
and largely unresolved problems regarding reactor design and operation as well as
radiological protection and safety, which problems are intrinsically associated with
the use of tritium.
While these reactor issues attract little but increasing attention by the fusion
community, there is renewed interest in alternative fusion fuels such as D- 3 He
[1, 2]. Much research would be required, however, for these advanced fuel concepts
to reach a level of maturity comparable to that of concepts in the mainline research.
Therefore it may be of interest to assume that D-T reactors will come first and
to investigate the possible consequences of their failure to meet the design criteria.
One especially sensitive component of the reactor seems to be the blanket. For this,
the challenge is to find a combination of materials that are compatible, offer a proper
environment for energy conversion and transport, and ensure a high degree of
neutron multiplicaton and tritium breeding via n-Li fissioning [3].
At temperatures typical for D-T reactors, virtually all tritium breeding would
take place in the blanket. An increase of the operating temperature would, however,
allow the deuterium in the plasma to assist the breeding of tritium via one of the two
equally likely D-D channels ('plasma breeding').
So far, reactor concepts relying only on blanket breeding (D-T, 1:1 ratio)
or, alternatively, relying only on plasma breeding (D-D, (semi-)catalysed D) have
attracted attention. Here we suggest an investigation of the entire spectrum of possibilities. This should eventually permit optimization of the design with respect to the
overall competitiveness of the reactor.

2.

MODELS FOR PLASMA CONFINEMENT AND
REACTOR DESCRIPTION

Previous versions of our zero-dimensional steady state plasma and reactor simulation model and the incorporation of confinement specification parameters are
described in Refs [4-6].
The improved version of the plasma model used here is based on the simultaneous solution of energy and particle balance equations for a large number of ion
species (D, T, 3He, p and a) and reaction channels (14 primary, progeny and side
reactions). This model includes several formulae for synchrotron power loss (see
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Section 2.2); also, it accounts for fast-ion effects, using a continuous slowing-down
theory modified to include nuclear elastic scattering (NES), leakage and fusion
during slowing-down. An improved treatment of synchrotron losses, based on a
recently developed formula for the absorption coefficient [7], and a discontinuous
treatment of fast-ion slowing-down (see Section 2.1) are being developed.
Each isotope is associated with fuelling rate and/or recirculation efficiency
specifications. The energy flow is described by the various energy transformation
efficiencies linking the fusion power with the net electrical power that can be supplied
to customers.

2.1. Fast ion energy deposition
For a fusion plasma it is essential to know the energy fractions of energetic ions
going to the various ion species and to the electrons. We have developed a kinetic
equation for a modified continuous slowing-down (MCSD) description that retains
the anisotropy of scattering events and the finite temperature of the background
plasma; this equation replaces the more common isotropic, cold target and single
speed models [8, 9].
The kinetic equation reads as follows:

f >."<*> + i f
(1)

>J (E) + l/r,(E)k(E,t);

fs(E) = 0

for

E > Max (E^)

where i and j denote Maxwellian particle species, s denotes the suprathermal ion
species, < ) indicates Maxwell-Maxwell averaged quantities and I > indicates
beam-Maxwell averaged quantities. Note that fs is normalized to the particle density
of the suprathermal ion species s.
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For steady state operation the distribution function is found to be as follows:
,s - E)
^)sLET(E)

dt

(2)
x exp ^ - 1

dE'
dE . LET
dt )s (

)E

dt

}

where the first factor gives the slowing-down distribution associated with the
products of fusion for i- and j-type ions, and the exponential accounts for losses due
to fusion and other processes (rs) occurring during deceleration from Eo,y to E. The
denominators contain the small and large energy transfer (SET, LET) rates. While
the SET term is given by the well known Sivukhin formula (given in Ref. [8]), the
energy dependent LET term is given by
dE
dt

LET

.LET

(vs = v, Ti = 0)

-

V
V,

+

1 + m,

1+

i

1 +

(V"

exp

-

exp

;
- 2kT, (v+vs)

2kT;

(3)

where the first factor in the integrand is the common expression for the energy loss
rate to a cold plasma and vs = V2E/ms.
As an illustration, an example of an improved ion energy distribution function
calculated from Eq. (2) is shown in Fig. l(a). This formula is incorporated into the
plasma simulation model, which can then be used to calculate for each fuel mix the
fraction of fusion energy transferred to ions and electrons, as shown in Fig. l(b) for
a typical case.
The LET effects encountered in the whole range from conventional D-T fuels
to the D-D fuels considered here are small enough to justify this improved MCSD
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(fuel: D; fusion products T and 3He assumed to be recycled with 99% efficiency). Also shown is the
effect of nuclear elastic scattering (N) as well as of fast particle removal by fusion (F) and by other loss
mechanisms (L) in addition to Coulomb scattering (C).
(b) Fraction of fusion energy transferred to ions and electrons for a CAT-D plasma. Note that
s
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FIG. 2. Importance of synchrotron radiation loss (sy) from a CAT-D plasma, as compared with
bremsstrahlung (br) andfusion power (fit) carried by neutrons (n) and charged particles (c). The spread
of the synchrotron losses reflects the uncertainties associated with (from left to right along the line):
Refs [15, 18] for tokamak geometry, Ref. [17] for slab geometry, Ref. [18] for slab and cylinder geometry and Ref. [14] for cylinder geometry. The parameter values are those described in the reference
parameter set.
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treatment. For fuel mixtures with high operating temperatures and abundant multiMeV fusion products, a new formula based on a Boltzmann-Fokker-Planck type
equation and on transfer matrices is being prepared.
2.2. Synchrotron radiation loss
Energy loss by synchrotron radiation is considered a minor contribution to
the energy balance in the case of 1:1 D-T plasmas. However, at higher operation
temperatures this loss mechanism requires careful consideration. We intend to avoid
simple formulae with low accuracy (as, for instance, presented in Ref. [10]), but on
the other hand we do not wish to have to rely on very elaborate computer codes
requiring a detailed specification of the confinement scheme [11, 12].
We have evaluated all available formulae for synchrotron loss calculations.
We have extended them, where necessary, to finite magnetic field utilization beta
(B is replaced by B V l - j 3 [13]) and to finite wall reflectivity (the surface radiation intensity I is replaced by 1(1 -R)), and we have chosen the most accurate formulae for our plasma model [14-19]. Figure 2 illustrates the relative importance of the
synchrotron power loss spread of the various formulae used.
2.3. Nuclear data library
A complete and consistent set of cross-section data and derived quantities (for
instance, ion distribution averaged reactivity parameters) is required for these investigations, in a standardized, computer readable form. Therefore, the cross-section
library DATLIB has been developed [20]. It is based on existing data files [21-26]
as well as on an extension, compilation and evaluation of previously published
bibliographies, the most important of which are Refs [27, 28]. DATLIB includes
also an evaluation of the literature quoted in these publications.
DATLIB contains data for 16 fusion reaction channels and for nuclear elastic
scattering among the isotopes p, D, T, 3He and a, which are of relevance here.
Moreover, DATLIB contains the fusion-relevant cross-section data for all isotopes
up to U B and is subject to continuous extension and development.

3.

CASE STUDY SPECIFICATIONS

The large number of parameters for which data must be provided by the user
permit the simulation of a great variety of fuel cycles, confinement schemes and
reactor concepts. To be able to present a small selection of results, it is necessary
to choose one particular case; this case is defined by our 'reference' set of parameter
values. Evidently, there is much freedom in the choice of these parameter values, in
particular because no operating reactor of the kind investigated here can be taken as
'standard'. On the other hand, each parameter can be subjected to a sensitivity study
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to reveal the size of its impact on the results. We have selected parameter values for
tokamak-like concepts that are typical for studies of this kind [29, 30]. The sensitivity
studies gave evidence that the main conclusions drawn in this paper are not sensitive
to the particular choice of parameters; exceptions from this are mentioned explicitly.
3.1. Reference parameter set
In the following, we give a set of reference data for the various parameters. The
range of values used for the sensitivity studies is given in brackets, { }. The cases
for which no strong dependence on the variation of the parameters was found are not
mentioned in Section 4. When a sensitivity study pertinent to a parameter has been
reported elsewhere, the reference number is given in parentheses.
— Magnetic field strength: B = 10 T; utilization jS = 20% {5%}.
— Particle confinement: T = 2 s and scaling with temperature according to
T = const, {various scaling laws [4]}; ash ions: same confinement;
impurities: none {0-5% of ion density, A = 2Z = 12}.
— Energy confinement:
• kinetic energy of escaping charged particles: 0.045 kT per lost particle;
• synchrotron loss: reflectivity 95% {0.90-0.99}, plasma dimension 2 m;
formula from Ref. [17] for cylinder geometry {formulae from
Refs [14-18]};
• other losses (heat conductivity, line radiation, etc.):
no loss {1-1000 s confinement time}.
— Interface between suprathermal ions and Maxwellian ions: 3 kT.
— Heating: radiofrequency heating; all energy to ions {60-100% to ions, rest to
electrons}.
— Energy conversion efficiencies:
• thermal to electric 35%, electric to RF 35%;
• blanket power multiplication: 1.3 for 14 MeV neutrons,
4.0 for 2.4 MeV neutrons;
• auxiliary power consumption (pumps, coils, fuel cycle, etc.): 10%.
— Fuel cycle:
• efficiency for recovery of tritium from blanket: 98% {95% in Ref. [4]};
• efficiency for recovery of 3He and T from plasma exhaust: 99%
{95% and 98% for T in Ref. [4]}.
3.2. Fuel cycle description
For the fuel cycle description the plasma simulation code offers two options:
— One option is to use the fuelling rate of the various fusile isotopes as datum.
Since the density of the plasma is assumed to be /3B2 limited, only the fuelling
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rate ratios may be fixed by the user of the code, for instance IT/ID as the relative fuelling rate of tritium to that of deuterium.
— The other option is to assume that for some or for all of those ion species which
are generated in the plasma the injection rate is determined by the rate at which
the respective ions are lost from the plasma, accounting for the efficiency with
which this isotope can be recovered and recycled.
With these fuelling options the plasma simulation code determines self-consistently
the associated density ratio in the plasma. It turns out that in all cases considered here
the density ratio nT/nD is equal to the fuelling rate ratio IT/ID for tritium-rich plasmas
and that this density ratio is only slightly lower than the fuelling rate ratio for tritiumlean plasmas. Therefore, in the following we present our results in terms of the injection rate ratio, which can be approximately equated to the associated density ratio.
4.

RESULTS

We discuss here three areas of interest: (1) the relaxation of the tritium breeding
requirement in the blanket which is associated with the reduced tritium fuelling of
the plasma; (2) the fusion power density and the net power density associated with
this reduction; and (3) the power associated with, and the energy source distribution
of, fusion neutrons as a function of tritium availability and plasma temperature.
4.1. Tritium breeding requirement
A tritium to deuterium fuelling rate ratio can only be imposed if the associated
supply of tritium is ensured by breeding in and recovery from the blanket surrounding
the plasma. Therefore, for each plasma and confinement parameter set there is an
unambiguous relation between tritium fuelling rate and associated breeding requirement or, alternatively, between a given blanket breeding capacity and the relative
T/D density ratio that can be supported.
Figure 3 shows this correlation for a typical case. The important result to note
is that even a marginal decrease of the breeding capacity of the blanket to a value
below that required for a 1:1 D-T plasma results in a dramatic decrease of the tritium
content in the plasma (a 10% reduction of the breeding ratio results in a reduction
of the T/D ratio by an order of magnitude). The apparent decrease of the blanket
breeding requirement with increasing plasma temperature can be fully explained by
the increasing importance of tritium breeding D-D fusion reactions in the plasma.
However, this bonus becomes effective only at tritium density ratios well below 1:1.
These results are independent of the extent to which 3He is recycled.
It can be concluded that even a modest decrease of the blanket breeding capacity
below that required for 1:1 D-T plasmas results in a dramatic decrease of the tritium
content in the plasma. This suggests the necessity of an investigation of the resulting
effect on important plasma parameters such as power and neutron production.
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1/2, 1/4, 1/8, etc.). Note that the actual local breeding rate must be higher in order to compensate for
the blanket coverage factor, and that BT = 0 defines the D-D cycle. The results are obtained for the
reference parameter set.
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(b) Net electric power that can be supplied to external customers per unit fusion power produced in the
plasma, for various T/D fuelling rate ratios.

4.2. Fusion power density, ignition, net power density
The fusion power densities associated with various tritium to deuterium fuelling
rate ratios with and without 3He recycling is shown in Fig. 4. It is interesting to
note that 3He recycling does not increase the maximum power density, although it
will prove to be vital for the energy balance. Using a combination of Figs 3 and 4,
the penalty in power density connected with the relaxed breeding performance of the
blanket can be calculated. For example, a reduction of the breeding capacity by 50%
is found to reduce the power density by an order of magnitude; this is approximately
the amount that could be recovered if it were possible to increase the magnetic field
utilization from 5% to 20%. On the other hand, a reduction of the blanket breeding
capacity BT by only 10% entails a reduction of the power density by as much as a
factor of five.
However, the effect of a reduced tritium inventory is much more severe than
can be seen from Fig. 4. This becomes evident from Fig. 5. Figure 5(a) gives, for
each fuelling rate ratio, the temperature window within which ignition is possible or
within which net power is supplied to the electrical grid. Clearly, the difference
between the condition for ignition and the condition for net power production is not
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very pronounced. Furthermore, the operating temperature window closes for those
tritium-lean fuels which correspond to blanket breeding ratios below about one-third
of the value required for 1:1 D-T operation, unless 3He is recycled. If impurities
are taken into account (here A = 2Z = 12) a dramatic change to the worse may
occur for tritium-lean fuels. For CAT-D plasma (the corresponding injection rate for
tritium is indicated in Fig. 5(a) by the dotted line) there is no ignition at 2% impurity
concentration and no net power at 3% impurity concentration.
4.3. Neutron power fraction and spectrum
As the tritium inventory in the plasma decreases relative to the deuterium inventory, the fraction of fusion power carried by neutrons decreases, as shown in
Fig. 6(a). This decrease is more pronounced when 3He is recycled, since the
neutron-free D- 3 He fusion strongly contributes to the overall power, in particular at
high temperatures. Correspondingly, as shown in Fig. 6(b), the contribution of low
energy neutrons increases, at the expense of the 14 MeV D-T neutrons, with increasing ion temperature and decreasing T/D fuelling rate ratio. Clearly, these are two
competing effects: when the neutron power fraction decreases, the neutron spectrum
softens and this may result in an increase in the number of neutrons per unit power.
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SUPERfflGH DENSITY OPERATING CONDITIONS
FOR A POLOIDAL DIVERTOR
IN A TOKAMAK REACTOR
S.I. KRASHENINNIKOV, A.Yu. PIGAROV
I.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract
SUPERHIGH DENSITY OPERATING CONDITIONS FOR A POLOIDAL DIVERTOR IN
A TOKAMAK REACTOR.
It is shown that, in an INTOR-type reactor, it is possible to go over to a 'gas blanket'type of divertor operating regime by increasing the plasma density at the separatrix to
2 X 1014. The new situation emerging with the La radiation cut-off as a result of the high
density of the plasma and the neutrals is discussed.

1. The establishment of a gas blanket regime in the divertor volume is probably
the most generally accepted solution to the problem of removing the energy
released in a tokamak reactor in the process of fusion. In this case, virtually all
the energy reaching the divertor plates is transferred by radiation, and almost
complete volume recombination of plasma takes place, ensuring minimal
sputtering of the plates. Moreover, 'shifting' the zone of radiative losses away
from the plates significantly reduces the heat load on them.
However, the results of 2-D calculations [1] show that the operating
conditions for the divertor plates in INTOR are rather tough. The heat fluxes
•to the plates reach q 0 ^ 0.3 kW-cirT2, and a rather high plasma temperature
near the plates (~10 eV) can result in their sputtering, contamination of the
main plasma, reduced operating efficiency and diminished reactor lifetime.
In this paper we shall analyse the possibility of establishing a 'gas blanket'
regime in the divertor of an INTOR-type tokamak.
As the rate constant of three-particle recombination, which is dominant
in these conditions, has a strong temperature dependence (Kfp = 6 X 10" 2 8 /
(TeV) 9 ' 2 cm^s" 1 [2], where T is the plasma temperature), the plasma temperature should be rather low (< 1 eV) for volume recombination to take place.
Such strong cooling can be brought about only by an increase in radiative
losses, either in a pure D-T plasma (for which the plasma pressure within the
zone of radiative losses should be rather high) or by additing impurities. Thus,
plasma recombination processes and re-radiation of the energy entering the
divertor volume are strongly interdependent. Since impurity transport processes
387
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FIG. 1. Geometry of the situation.

have not yet been studied throughly, and there is a danger of impurity accumulation in the main tokamak plasma [3], we limit our examination to the pure
D-T mixture.
An increase in the plasma pressure within the region of radiative losses, where
the conversion of the conductive heat flux into radiation occurs, leads to an
increase in plasma pressure and density at the separatrix, n s (Fig. 1), because of
fast equalizing of the plasma pressure along the magnetic field lines. As the
radial plasma flux in the main tokamak volume is proportional to 3n/9r> 0 (r is the
current minor radius of the plasma), ns is limited by the inequality ns < n(0),
where n(0) is the plasma density at the axis, r = 0 ; n ( 0 ) ! * 2 X 10 14 cm" 3 for
INTOR parameters. Variation in n s results in a change of the heat fluxes q k ,
Qo (lo = Qk s i n ^s ; Fig- !)• The dependence of q 0 and other quantities of
interest to us on the plasma density, ns, is examined in Section 2. The conductive heat flux re-radiation process is analysed in Section 3. Sputtering of the
first wall in a tokamak by charge exchange neutrals in the 'gas blanket' regime
is studied in Section 4. The results are discussed in Section 5.

2. First of all, we are interested how the scaling of the plasma pressure at
the separatrix, Ps (Fig. 1) and the heat flux densities in the core, q k , where the
bulk of the energy is transferred, depend on the density, ns, and on the power,
WQ, entering the divertor from the main plasma. Normalizing the results with
respect to the results of the 2-D calculation, we easily obtain the absolute
values of the parameters of interest. The core width, A k , and the quantities Ps
and qk are determined by the transport processes in the core, away from the
radiative region, where the density of neutrals in negligible, and the heat
conduction equation has the form:
V||K||V||T=0

(1)
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where K. \\ <* T 5 ' 2 is the plasma heat conduction coefficient along the magnetic
field; K± = K^n b T c is the plasma heat conduction across the magnetic field;
the constant b and c are determined by the scaling law for Kj_.
Taking into account the boundary condition at the separatrix:
KL VLT ~ «xT s /A k = W0/(2;r)2 a R
(R and a are the major and minor plasma radii), we obtain, from Eq. (1), the
following set of equations:

£ i n b T c+l/A k =W 0 /(27r) 2 aR

(2)

where L is the mean length of a magnetic field line in the core, and K\\ = n\\ / T s / 2 .
From Eq. (2), we find:
(3)
Ps a (W£n(9+2c-2b))l/(9+2c)

(4)

From the Bohm scaling law for KL, it follows from expressions (3) and (4) that
q 0 <x n ~ 7 / " , Ps cc nj/ 9 . From a scaling law K± <* n, we have q 0 a n7 7 / 9 .
Since, for n s *> 0.5 X 1014 cm" 3 , q 0 as 0.3 kW-cm"2 and P S * 1 . 5 X 1016 cnT3-eV
= 0.02 atm [1], an increase in n s up to a level of ~2 X 1014cm~3 allows a
decrease in q 0 to q 0 «* 0.1-0.12 kW-cirT2 in these cases; then,
Ps » p m a x as 0.05-0.07 atm. However, with Alcator scaling (b = 0), q 0 does
not decrease as n s , but Ps « n s £ 0.08 atm. If a non-inductive current drive is used in
the reactor and Wo is increased by about 1.00 MW [1], i.e. virtually doubles
by comparison with the Ohmic regime, then qg will increase by three times,
and Ps by about 1.3 times.
3. Since plasma recombination, together with the conversion of the conductive heat flux into radiation, occurs at temperatures T R ~ 1 eV, the plasma density,
n, and the neutral particle density, N, in this region of the divertor are of the order
of Pmax/3T;R ~ 1016 cm" 3 . As is well known [4], the main channel of radiative
losses in an optically transparent hydrogen plasma is radiation through the
L a line, at temperatures T ~ 1 eV. However, with rising plasma and neutral
densities, the L a line is 'cut off, and its relative contribution to all radiation
losses drops substantially. Let us estimate the degree of cut-off of the L a line
in the case under consideration. The parameter of L a damping, j3r = n e k 2 i/T r
(k 2 j is the damping rate constant of the first excited level in hydrogen by
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electron impact and yr is the radiative width of the line) is found
to be ~0.1. The L a quantum range in the plasma, £r «» (27r(c/coa)2 (7 r /r)N)~ 1 ,
determines the width F of the La line {oja is the radiation frequency). For
given parameters, the F of the L a line is represented [5] by the ion Stark
broadening (FjCs"1) = 40(nj (cm" 3 )) 2 '' 3 ) and by Doppler broadening
(F D = 2co/c(2£n 2T/M)^ 2 , M is the atomic mass), which are approximately
equal: Fj *» 2 X 10 1 2 s - 1 , F D s= 10 I 2 s"'. In this case, £r «* 2 X 1CT2 cm. It can
be shown that the characteristic length of the re-radiation region, £ q , determined
by plasma heat conduction and heat flux, qg, is ~I cm. Then, the degree of L a
cut-off is determined by the parameter 0g = £ q /£ r (l + l/2jS r ) 1/5 [5], where
6 = 0.5 and 1 for dispersion and Doppler line shapes, respectively. Substituting
the estimates obtained into the expression for 0g, we find j8g «* 10-20.
For the H, P, etc. line series, since their radiation widths are so small, j3r is
greater than unity, but for the characteristic ranges, owing to the small
population of these levels, we have £r > £ q . Thus, for Ps ~ P m a x , the plasma
in the region where the conductive heat flux is converted into radiation is in
a state of local thermodynamic equilibrium (LTE) [5].
Let us restrict ourselves to a temperature range of T 5= 0.5 eV, which allows
us to neglect the effects of negative ions and the molecular fraction. Then, the
main channels of radiative losses are: radiation transport through the L a line (Q a ),
radiation transport through the H, P, etc. line series (Qg), and recombination
radiation ( Q R ) . Assuming the detachment of the radiative region from the plates to
be small, ~1 cm, which is much less than the contact width between core and
plate (~40 cm) [1], one can use a one-dimensional heat conduction equation:

(5)
where £ is the co-ordinate normal to the plate surface and Kj is the heat
conduction coefficient for a plasma in the LTE state [6].
Since the photoionization cross-section of atomic hydrogen is given by
a\ < 6.3 X 10"18 cm"2 [2], the region of radiative losses, for £q ~ 1 cm, can be
considered to be transparent to recombination radiation so that Q R , besides
Qg, is three-dimensional in character. Then, the expressions for Qg and Q R
have the form [6]:
Q g = 4 . 3 X 1 0 s P s [ a t m ] ( l - 2 x e ) e - 9 ( e e / 9 - l - e / 9 ) / e i [kW-cm"3]

(6)

Q R = 175 P 2 [atm] X2e/(T (eV)) 5 / 2 [kW-cm"3]

(7)

where 0 = I/T (I is the ionization potential of hydrogen), x e
relative electron pressure determined by Saha's equation.

=

n e T/P s is the
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The quantity Qa is determined by the expression [7]:
Q a = /dftdcok'(co)[I p (co,ft)-I(a;,fi)]

(8)

where k'(co) is the effective absorption coefficient of a quantum with frequency
frequency co; I(CJ,SI) is the intensity of the radiation of frequency CJ per unit
of solid angle, and I p (o;,£2) = hco3/47r3c2 [exp(hco/T) - 1] is the corresponding
Planck intensity.
The quantity 1(60,£2) is found from [7]:

- ip («,s5)]

dS

(9)

with appropriate boundary conditions (S is the direction of quantum propagation).
To obtain simple estimates, we neglect Q a in (5). Then, it is not difficult to
find the density of the energy flux reaching the divertor plates as a result of
conductive heat transport, qjj:
q3=q0(l-(qT/q0)2)1/2

(10)

where

Tj is the plasma temperature near the plate.
The temperature T d should be rather low and q£ < q 0 for divertor
operation in the gas blanket regime. These conditions, as follows from (10),
can be satisfied for

q o < w = (2As(QR + Q«)dTy/2

di)

0
The dependence of q max (P s ) as calculated from Eqs (6 and 7), with data
from [6], is shown in Fig. 2. Since q o ~0.1-0.12 kW-cm"2 (Bohm scaling for
Ki and jq a n) is even smaller than qmax(Pmax) f ° r *s ^Pmax = 0.05-0.07 atm
and since we neglect additional energy losses through the L a line, we may
conclude that it is theoretically possible to realize a gas blanket in the INTOR
divertor.
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FIG. 2. <7max versus P.

In the case of Alcator scaling or when a non-inductive method of toroidal
current drive in a tokamak is used (where, as has been shown above, qg ~0.3 kW- cm" 2 )
condition (11) is not satisfied for P ~ P m a x . However, we should allow for the fact
that we restricted our examination to considering an approximate, one-dimensional
representation of the processes in the divertor. In real conditions, q k is non-uniform
and, since ~0.3 kW-cm"2 corresponds to a peak of qg [1], it is possible that a
more correct allowance for the geometry of the problem for L a radiation transport
and other factors lying outside the scope of this work will reduce the pressure,
Ps, necessary for the gas blanket to be established to an acceptable level in this
case, as well.

4. The LTE approximation, which is valid in the region of radiative losses,
ceases to be valid as we move away from the radiative region towards the main
plasma, where there is a considerably greater number of neutrals than in the
LTE region.
Meanwhile, a high neutral density in the gas blanket regime can result in
higher losses of neutrals both into the main plasma, F^ (Fig. 1), and onto
the first wall of the tokamak, leading to sputtering.
The following model was examined in order to study this problem. It was
assumed that the spatial distribution of plasma temperature and density in the
scrape-off layer is determined by a dense, hot core and a cool, relatively rarefied
'coat'. This picture of the situation corresponds to the results of a 2-D simulation
of the scrape-off layer [ 1 ]. The temperature distribution in the core is found
from the heat conduction mechanism for energy flux density transport,
q k W = Qk e *P(~(x/A k ) 2 , where x is the distance from the separatrix. It is
assumed that two-thirds of the heat flux are transferred by the electrons.
The plasma density in the core is found from the pressure distribution,
P = Po exp(-(x/A k ) 2 ) and from the temperature distribution. The plasma
temperature in the 'coat' is taken to be 1 eV, and its density varies within wide
limits. It is assumed that complete plasma recombination takes place at a core
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F/G. 4. Sputtering rate versus n, h /or two different cases (a, b).

temperature of T = 1 eV and thus the pressure of the neutral gas produced
balances the plasma pressure; the neutral gas temperature is assumed to be 1 eV
(Fig. 3). The distances between the separatrix and the first wall, £ w , and between
the recombination zone and the effective x-point, £ x , are assumed to be 10 and
10 to 20 cm, respectively.
Neutral transport was claculated by a Monte Carlo method for the
parameters Po = 0.05 atm, q k = 2 kW-cm" 2 , and Ak = 2 cm. The maximum
sputtering rate for the first wall and the flux T^ versus n sh are shown in Fig. 4.
It is easy to see that the sputtering of the first wall and F^ can be neglected
1014 cm" 3 for
even when n sh <; 1.5 X 1014 cm"3 for Cx = 10 cm and when n sh
£x = 20 cm. Note that the values of n sh given here are consistent with the results
of 2-D simulation.
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5. Thus, we have shown that it is possible to go over to divertor
operation with a gas blanket in an INTOR-type reactor, with Bohm scaling
of K± and K± « n , increasing the plasma density at the separatrix up to ~ 2 X 10 14 .
More detailed studies are needed for Alcator-Iike scaling of K^ or for noninductive current drive in the tokamak. A new aspect, by comparison with the
calculations in Ref. [1], is the L a radiation cut-off due to the high density of
plasma and neutrals (~4 X 10 !6 cm" 3 ), which results in the emergence of local
thermodynamical equilibrium in the radiating plasma.
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Abstract
IGNITION PHYSICS PROCESSES AND COMPACT EXPERIMENTS.
The main processes that, on the basis of present knowledge, are expected to determine the ability
of toroidal, magnetically confined plasmas to reach ignition conditions are the anomalous thermal transport of the electrons and the ions, and the effects of internal m° = 1 modes, epitomized by sawtooth
and fishbone oscillations. To study these effects in compact ignition experiments, an anomalous electron
thermal transport model, based on the 'principle of profile consistency', has been used to reproduce the
results of an extensive series of Ohmic experiments on TFTR, in a 1-D transport code with a sawtooth
oscillation model. As alpha heating becomes important, it is shown that for the ion anomalous thermal
transport resulting from the excitation of TJ; modes a minimum density is required so as to ensure that
it is offset by the alpha particle heating, once the temperature exceeds that where alpha heating compensates both the bremsstrahlung radiation and the collisional ion thermal conductivity. Results from a
l'/i-D transport code verify this result for time dependent ignition scenarios. 'Sharktooth1 oscillations
resulting from the centrally peaked alpha heating and fishbone oscillations due to resonant interaction
with the fusion alpha particle distribution can crucially affect ignition. For the latter, the resonant interaction with the alpha particles produces an effective ion viscosity which destabilizes the mode. The
special design characteristics of compact ignition experiments can be used to avoid or to minimize the
effects of these modes.

1.

INTRODUCTION

Compact ignition experiments are expected to reach substantial levels of fusion a-particle heating while requiring the
least extrapolation from presently explored regimes of toroidal
magnetic confinement. The degree of electron colllsionality,
exploitation of Ohmic heating and its favorable confinement
properties, and ignition at the lowest possible temperature with
minimum thermal loading of the first wall all favor compact,
high density designs [1] . Present results suggest that the main
processes that determine whether ignition can be attained are
the anomalous thermal transport of the electrons and the ions,
and the effects of internal modes with poloidal mode number
m°=l, such as those associated with sawtooth and fishbone type
oscillations.
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We investigate the effects of these processes on compact
ignition. First we present a model for the anomalous electron
thermal transport and the effects of sawtooth oscillations in
present plasmas, and discuss general and specific implications
for the prediction of heating in future experiments through
scalings of the energy confinement time. When fusion a-particle
heating begins to take over from Ohraic heating, restrictions are
imposed on the plasma density by excitation of n^ modes that can
produce an anomalous ion thermal transport. Results of 1 1/2 D
transport code simulations illustrate the combined effects of
these processes on heating to ignition for a specific proposed
device, Ignitor. Conditions for the excitation of m°=l modes
are discussed as the driving force for sawtooth or "sharktooth"
[2] oscillations of the central part of the plasma column and
possible precursor oscillations. Instabilities analogous to the
fast ion fishbone oscillations of neutral beam injection experiments, in this case interacting with the fusion a-particle distribution, represent a different root of the same type of dispersion relation. Since compact ignition experiments can be
designed to ignite at relatively low values of B p , the onset of
m°=l modes, to the extent that they are driven by pressure gradient, can be avoided. Since these experiments envision high
plasma currents (up to 10MA), another possible way to mitigate
the effects of these modes is to decrease the plasma current
after the Ohmic phase so as to reduce the size of the qil region.

2.

ANOMALOUS ELECTRON THERMAL TRANSPORT

Identification of the form of the anomalous electron
thermal conduction is crucial to the accurate prediction of
ignition scenarios, particularly in the initial, Ohmic heating
phase. While the diffusion coefficient x e m a y be expected to
vary as the underlying physical processes change, many of the
dimensionless parameters describing DT ignition in compact
experiments have values similar to those in present experiments.
Nevertheless, extrapolation should be viewed with caution b e cause a given expression for x e may not produce energy confinement times that scale as a 2 /x e - Conversely, a known confinement
time scaling can be reproduced by many different forms of x •
As an example, we have extensively investigated Ohmic discharges
produced in the TFTR machine at Princeton Plasma Physics Laboratory using a one-dimensional (radial) transport code. They can
be reproduced over a wide range of conditions [3] by a form of
X e that is based upon profile consistency [A], when sawtooth
oscillations are approximated by periodic flattening of the
plasma profiles T e , T ^ n, and, approximately, j z . The diffusion coefficient reduces to the same one previously used to
model Alcator A, Alcator C, FT, and other machines [3,5]. The
experimental and simulation values of the central electron temperature T e o and the surface voltage V s adhere closely to
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scalings predicted from the expression for xe- ^ n the other
hand, the electron energy confinement time does not follow the
predicted scaling T E e ^n e 2 / 3 B " 1 / 3 Z e f f 2 / 3 as closely and, even
when the energy balance is dominated by the electrons, the
total energy confinement time follows a different scaling,TjA
n e q a aR 2 , where a and R are approximately constant.
Sawtooth oscillations do not cause the difference in confinement time scalings in these cases, where the affected region
is at most r-a/2. They do contribute strongly to the electron
temperature profile width measured by T eQ /<T e >, where <Te>
represents the volume average, but turning off the sawtooth
crashes does not change the values of T E or Tge> or the adherence of T e o and V s to the predicted scalings.
On the other hand, in ignition experiments tg may be
affected by sawteeth if they exist and if, in addition, they
extend to larger radii.

3.

PATHWAYS TO IGNITION

In order to attain ignition conditions, it is desirable to
maintain the highest possible value of the confinement parameter
nx£. The dependence of Tg on the main plasma parameters, inferred on the basis of present experiments, implies operation
at relatively high densities where the collisional ion thermal
conductivity and bremsstrahlung radiation become important in
the global energy balance. At the "minimum ignition temperature" these losses are compensated by the energy deposited by
the fusion reaction products. Near this temperature and above,
the optimal density depends critically on the presence of modes
that enhance the ion thermal conductivity. We consider in particular the so-called n^ modes with transverse wavelengths
longer than the ion gyroradius [6], bearing in mind that these
results are valid for any modes producing effective diffusion
coefficients with similar scalings. We refer to an approximate
model equation [7] valid near the center of the plasma column,
n 2 K(T)-n T 5 / 2 + (P-CeT) =0

(1)

Here K(T)=F(T)-T1/f2, C e is nearly constant, and the dimension7
less quantity n indicates the density, T the temperature and P
the external heating power density. In addition,F(T)°:<apV>,
Op being the fusion cross-section, and T=l corresponds to the
minimum ignition temperature. The term n 2 K(T) includes the
a-particle heating and the loss due to bremsstrahlung and collisional ion thermal conductivity, while n T 5 ' 2 represents the
loss due to Hi-mode induced ion thermal conductivity, and C e T
that part of the anomalous electron thermal conductivity that
can be represented by the Alcator scaling Xe^l/n.
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FIG. 1. Allowed plasma density range as ignition is approached.

In the absence of an anomalous ion thermal conductivity,
there is a maximum density limit on the plasma heating before
the minimum ignition temperature is reached, while beyond this
temperature no forbidden density range exists. If an anomalous
conductivity exists, a critical external power P must be supplied to open a channel between the allowed density regions at
T<1 and T>1. Figure 1 illustrates a case where P is below critical and the passage is not open. Here, F(T) has been taken
to be proportional to T 5 ' 2 . Notice that P is proportional to
the anomalous ion thermal conductivity. Another point shown by
this analysis is that for $>1 the density has to be progressively
adjusted above a certain minimal value in order to compensate the
anomalous ion thermal loss when the actual form of <a-pv> is used.
Complementing the analytic work, we have also performed
extensive numerical simulations of ignition scenarios using a
1 1/2 D version of the BALDUR transport code [8]. A set of
parameters, taken from the actual design of the compact ignition
experiment Ignitor, are R o =111.5 era, a=41 cm, b=72 cm, B^ 0 =125kG,
Ip=10.A MA, and n o %10 15 cm"" 3 . In addition to an anomalous ion
thermal diffusion coefficient X±=i-±\1^2
T ± 3 / 2 B T ~ 2 R ^ h , where
f^ is a numerical factor, h(n.£,ric) is a threshold function computed at the plasma half-radius, and A^ is the fraction of the
plasma cross-section within the flux surface ijj, a neoclassical
(Chang-Hinton) ion thermal conductivity was assumed. The electron anomalous thermal transport was assumed to have a CoppiMazzucato-Grflber form with an additional degradation factor depending upon B p whose magnitude was chosen to match neutral injection confinement times on PDX and D-III. The results indicate
that Ignitor is able to achieve DT ignition with only Ohmic
heating, if the anomaly factor f^ does not exceed that needed to
reproduce recent D-III results [9] with the assumed form of Xi
and the threshold n c is not too small (£2), provided also that
sawtooth oscillations are infrequent and the plasma remains
relatively clean. Scans of n e and f^ confirm the basic analytical properties of the density limit, taking profile variations
into account. Another expression for the ion anomaly based on
the properties of the instability parameter USn^P^/r-r
been investigated.
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The 1 1/2 D calculations support previous ID studies of
many different ignition scenarios [10] that found a strong dependence of the heating on the spatial profiles of the plasma
parameters and their evolution in time. The maximum Ohmic power
deposition shifts away from the magnetic axis in the presence of
sawtooth crashes or strong central heating, increasing the
heating for a given value of the central electron temperature,
and increasing the likelihood of nonmonotonic current and q
profiles.
4.

THEORY OF INTERNAL OSCILLATIONS

The crash phase of sawtooth oscillations is closely associated with instabilities of poloidal mode number ra°=l that
represent one branch of the general m°=l dispersion relation,
the other branch describing modes associated with fishbone type
oscillations [11]. The first requires finite resistivity and is
stabilized by ion viscosity, while the second is destabilized by
an effective ion viscosity provided by the resonant interaction
with fast ions. For the sawtooth branch, the linear theory in
the two-fluid collisional limit provides the basic framework for
developing theory applicable to compact ignition. It predicts a
variety of regimes [12] , presented schematically in Table I and
Fig. 2. The relevant parameters are Air=-<5W_..-ri/£_,1 ' 3=-Tr6Wm -_/
[e n i / J(CcorBQq')z] and <D A =U> A1 / ( C D ^ 1 ' 6) , evaluated at r=rQ where
q(r o )=l, <SWmin is relevant energy principle quadratic form, £„,
is the^radial displacement at r=0, e =nnc2/4Trr2)<iJA'VLCr9 -10~ s ,
w =v
A A8 s/ ' r o' V Ae =B 6/^ Trm i tl i)
> s=d£nq/d£nr is the shear parameter, w ^ is the ion diamagnetic frequency and, for simplicity,
w. =co. J--W . „. The figure assumes a simple model for 6Wm,-r, of
.

v^rt

-I

mill

the type [13]
<5W . =-A (r / R ) 2 ( 6 2 - 3 2
. )
min
o o
p
p.cnt'

(2)
'

v

with X Q a finite numerical factor and g the poloidal beta. The
critical 3p )Cr j: t for ideal MHD instability depends on the details of the plasma shaping, anisotropy, and the q and p profiles. We argue that regimes corresponding to regions II, III
and IV of Fig. 2, i.e., near the ideal MHD marginal stability
threshold, are the most likely candidates to cause the crash
phase of the sawtooth. The relevant modes can be considered in
fact more violently unstable than the "drift-tearing" mode [14]
corresponding to regions V and VI. The indications of the
linear analysis are supported by the type of conclusions reached
in Ref. [15], for the nonlinear phase, although these are
limited to the strongly collisional regime (k|IXmjpEk;|v£he/ve<l) •
No unstable m°=l modes exist when wA>-XH>aivt-1' 2 (region VII).
In fact, a numerical evaluation of XJJ using TFTR profiles from
a ID transport code, shows that X H is negative and 0(1) near
the top of a sawtooth ramp.
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TABLE I. m° = 1 MODES FROM THE TWO-FLUID THEORY

Instability regime

Growth rate
Y

I. Ideal kink

Oscillation frequency
u)'

X w
H A

II. Ion-Larmor-radiusstabilized ideal
regime

III. Resistive kink

e i/V
ri
A

IV. Resistive kinkdiamagnetic limit

(u. /3)[1-(T /T )
*e
x e

e OJ /oi.
n A *

-

V. Reconnecting
mode

VI. Drifttearing
mode

.
(E o> 5/3/|xJ^/3 2 / 3 )
n A
H'
*

Definitions:

*e

A ^ - f i W ^ , ^=0.^^-0.^(>0) , "'=

w

: mode frequency in LAB frame

fi

:

plasma rotation frequency

The entry into an unstable regime with a finite frequency
may determine the appearance of precursor oscillations. For
example, when |XJJ|<1 and the plasma rotation frequency |f2rotl
is small, the m°=l mode is nearly purely growing in the
laboratory frame of reference and no precursor oscillations
would be observed.
At relatively high temperatures where a>.[a:n^'^ T^'^ B~^'^
r Q ~ / ]>l, the linear theory predicts a significantly reduced
growth rate. If also -u A ~ 1 / 2 <X H <w it (regions II and IV), the
2

3
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FIG. 2. Asymptotic regimes, in the X^-u. plane (kH s X^), for m° = 1 modes predicted by the
two-fluid theory. The functional relation between \H and other physical parameters (u,, uA, ej is
indicated near each curve.

transverse viscosity \iL can stabilize [16] the indicated modes
[17], a feature that is common for modes where the perturbed B r
is not constant [16] in the transition region. The
viscosity becomes important when Y ^ ^ i i ^ p|, v ^ being the ionion collision frequency, p^ the ion gyroradius and k^. indicates
the order of magnitude of the eigenfunction derivative in the
transition layer. Its effect can be related to the dimensionless
parameter DEe^/e^/lO ( m ^ / r a ^ ) : / 2 ge(r=ro)^p^/nn , where
£ =y1/(r2rn^n^u^). When k x p^<l, a simple linear viscous operator
yields the curves of marginal stability shown in Fig. 3; in the
limit of large u^, Dc^-it^H'"1*) scales as

crit
(Note that D^0.20 for a 50-50 deuterium-tritium plasma with T e
=T^ and 8e=l%) . When k x p ^ l , ion-ion collisions introduce more
complex operators [16], but on the basis of the conclusions
reached in Ref. [16] we may argue the stabilization found with
the simple viscous operator remains effective.
The influence of ion-ion collisions is not equally beneficial to the electron drift-tearing mode [12]. Under ignition
conditions, oj>V£^(kxP£)2, the ions can be considered collisionless. Therefore a normal mode equation [18] that is valid to
all orders in the ion Larmor radius, but ignores ion-ion collisions as well as ion Landau damping and treats the electrons in
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FIG. 3. Marginal stability, Im(u) = 0, curves for the m° = I mode which otherwise causes the sawtooth crash. The parameter D measures the relative contributions from ion-ion collisions (stabilizing)
and electron-ion collisions (destabilizing).

the fluid limit (v e >u and k||A m fp<l), has been s o l v e d .
3

In

)•>£*' ,r_
displaceme
the limit where p.>E^-/
. the plasma r a d i a l displacement
becomes
5(x) = (C 0O /2)| 1- [l-exp(-|x|/6 )](sgnx) (
where x=(r-ro)/ro and 6p=6 o (p^/r o ), with 6 O a numerical factor
of order unity that depends weakly on to and u.. The thickness
of the transition layer is of the order of p^, as was earlier
indicated [12,16] by the two-fluid theory.
These results have several consequences for the prediction
of sawtooth oscillations, to the extent that the crash begins
when |XJJ|<1. First, sawtooth crashes may occur only when <SWm^n
exceeds a (possibly negative) threshold value during the temperature ramp, as the pressure profile steepens. Second, sawteeth
may be suppressed even though q<l in part of the plasma. Third,
in high f3p plasmas when the m°=l instability is driven primarily
by the pressure gradient, disruptions may relax the pressure
profile only, leaving the q-profile unchanged.
Compact ignition experiments have the ability to cover a
range of 6 . Thus, possible scenarios envision $ =0.2 while
r o £ a / 2 , or g =1 and r 0 considerably smaller. In the first case
the relevant xnstability conditions may not be met and in the
latter case the plasma volume where q<l may not be significant.
In fact, ignition conditions are characterized by k|I ^nfp^Px
(s/roR)Xmfp>l, a regime that is not covered by the analysis
presented here, and, in the case of compact, high density plasmas
(n o =10 15 cm- 3 , To=15 keV), v e >u^.
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FISHBONE OSCILLATIONS AND MeV PARTICLE PRODUCTION

Recently, a model for the excitation of fishbone oscillations [19] by energetic beam particles has been proposed [11].
The mode, whose poloidal structure is dominated by the component
with m°=l, has a frequency w = w d i , the ion diamagnetic frequency,
and is one of the two m°=l modes with ^•{{^en1
H"*^ that are
rendered marginally stable by finite ion Larmor radius effects
[12]. The mode excitation energy is related to the plasma
pressure gradient, which can be tapped in the presence of a
dissipative process. In the case of near perpendicular beam
injection, this process arises from the mode-particle resonance
w
D n ( r > e >l J ) =tJ that scatters the trapped beam ions with energies
e=m^v 2 /2 and magnetic moments y=m^v^/2B, where w ^ ^ is the
average magnetic drift frequency along the particle orbit. For
typical beam parameters, a) di /u) D ^K(T 1 /T h ) (R/r n ) (1+ni)vL; in PDX
experiments, Wj.^20 kHz, consistent with the measured value of
the fishbone frequency [19]. In the realistic limit (ucj^/uA)>
(r o /R)& p Yi> where 3 ^ is the fast-ion poloidal beta, we find a
growth rate [11]

where w D h = u ^ ) ( r o , e i n - , U i n j ) . £±nj is the beam injection
energy, and yi n j=£i n j/B o - Note that the instability requires
X H =-6W m i n >0 and that the electrical resistivity tends to damp it.
The same m°=l mode with w ^ w ^ can be destabilized by the
Landau resonance, w=kj|V||, due to the energetic circulating
particles. This resonance is important near the q=l surface
where k|| is small. A preliminary analysis indicates that
the mode has a positive growth rate, at least in regimes where
the effects of finite resistivity are unimportant. The growth
rate is proportional to the magnitude of the pressure gradient
of the energetic particles. The mode frequency is not anchored
to the average magnetic drift frequency of the circulating
particles. This result offers an explanation of recent observations [20] of fishbones that occur when neutral beams are
injected tangentially to the magnetic field.
In principle, circulating a-particles may also destabilize
an m°=l fishbone through the Landau resonance (o=k||V||. However,
the necessary condition SW m ^ n <0 may not hold during most of the
sawtooth ramp at the relatively low values of g characterizing
compact ignition experiments.
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Abstract
A NEW APPROACH TO NUCLEAR FUSION USING A CO a LASER.
The feasibility of a hybrid fusion scheme — magnetically insulated inertially confined fusion —
has been demonstrated by experiments with the CO2 laser LEKKO VIII. In these experiments, a
focused laser beam of 300 J in 1 ns is injected into a cavity of 1-3 mm in diameter through a small
hole and irradiates the inner surface of the cavity. A hot plasma core is formed at the centre of the cavity.
The measured temperature is 300-600 eV and a self-generated magnetic field of 100 T is obtained. The
long confinement of the laser produced plasma in the cavity is studied by theoretical and computational
analyses. The plasma pressure is confined by the inertia of the heavy spherical shell and thermal conduction loss is inhibited by the self-generated magnetic field. The results show that it is possible to achieve
ignition with a reasonable laser energy and a simple target.

1.

INTRODUCTION

For the two main approaches to controlled thermonuclear fusion currently
pursued — inertial fusion and magnetic fusion — there are differences in plasma
density and confinement time of twelve orders of magnitude. The new scheme —
magnetically insulated inertially confined fusion (MICF) [1] — constitutes a different
approach to fusion, with a plasma density of about 1021 cm' 3 , which is the
geometric mean of the densities achieved with the two main approaches. Combinations of plasma density and confinement time for different approaches are shown in
Fig. 1.
The basic structure of the plasma container consists of a spherical metallic shell
with an outer radius c and an inner radius b; solid D-T fuel is contained in the part
between radius a and radius b, as shown in Fig. 2(a).
The gas plasma at r < a is produced by ablation of the solid fuel caused by laser
beam injection through the hole on the top of the reactor chamber. The laser creates
a toroidal magnetic field through the current loop produced by the ejected hot electrons. The magnetic field expands rapidly because of the E x B drift of electrons in
AT&T Bell Laboratories, Murray Hill, NJ 07974, USA.
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FIG. 1. Combination of plasma density n and confinement time r to achieve nr ~ 1&4 s-cm'3 for
various approaches.

the inner part of the shell, as shown in Fig. 2(b). A large number of experiments
[2, 3] gave evidence of laser produced magnetic fields of more than 102 T in an area
much larger than the size of the laser spot. When the inner surface of the solid fuel
is heated by electron deposition and multiple photoreflections, plasma is ejected; it
carries the magnetic field from the surface by ablation and a hot low-density core is
formed in the central region of the shell. The main feature of the MICF scheme is
the utilization of both a magnetic field (for confinement of the plasma temperature)
and the inertia of the metallic shell (for confinement of the plasma pressure) by a
cannonball effect.

2.

EXPERIMENTAL RESULTS

Experiments have been performed to check the confinement time, using the
LEKKO VIE CO2 laser system [4], which delivers 300 J in 1 ns, and spherical targets of parylene (C8H7C1), with 15 /tm thickness and diameters ranging from 1 mm

IAEA-CN-47/I-I-2
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Heavy Metal Shell
FIG. 2(a). Schematic diagram of the reactor chamber. The chamber contains a hot gas fuel at r < a,
which is thermally insulated by a magnetic field and used for ignition, a solid fuel at a < r < b, which
is used to increase the q-value of the reaction, and an electrically conductive heavy metal shell at
b < r < c whose inertia is used to maintain the magnetic field and the plasma pressure.

LASER

FIG. 2(b). Process of magnetic field generation. Electrons that are knocked out by the laser beam
E x B drift along the inner surface and produce the current that amplifies and maintains the initial
magnetic field. Because of their large Larmor radii, ions are simply accelerated radially inwards and
produce a high temperature.
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FIG. 3. X-ray pinhole image (a) and X-ray signal (~0.1 keV) (b), produced in an experiment with a
two-hole target of 2 mm diameter. The sweep time in (b) is 2 ns/div. The existence of a hot core with
a large energy confinement time f = 10 ns) is clearly visible.

to 3 mm [5]. The average intensity of the laser at the focal point is 2 x 1014 W/cm2
and the hot electron temperature is estimated to be around 15 keV [6]. The selfgenerated magnetic field is expected to be more than 102 T at this laser intensity [3].
The energy lifetime of the plasma is measured by the duration of the soft X-ray
signals (0.1-1 keV) emitted from the plasma. The plasma size is measured with an
X-ray pinhole camera and the temperature is measured spectroscopically, using the
sodium line intensity ratio for He and H.
Four types of target were studied. The first type has one hole through which
one laser beam is radiated (see Fig. 2). The second type has two holes through which
two 100 J laser beams are radiated at an oblique angle. The third type has a toroidal
coil, which is used to produce a poloidal magnetic field by irradiation with another
CO2 laser. This target is designed to form a spheromak type magnetic field configuration. The fourth type of target is the same as the first type, except that it is enclosed
with a gold shell.
Figure 3 shows a typical pinhole camera image and the profile of the X-ray
signal from the target. The example shown here is a two-hole target with 2 mm
diameter. The existence of a hot core with approximately 1 mm diameter can be
clearly seen in Fig. 3(a). The first peak in Fig. 3(b) corresponds to the radiation that

IAEA-CN-47/I-I-2
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1
2
Shell Diameter (mm)
FIG. 4. Observed plasma lifetime as a junction of shell diameter for irradiation of a one-hole target
with a 100 J C02 laser (solid triangles). The linear dependence of the confinement time on the shell
diameter is visible. The enhanced confinement time in the spheromak type magnetic field configuration
(open triangle) is also shown.

is due to the direct impact of the 1 ns laser beam, while the second, broader peak
corresponds to the radiation from the hot core plasma produced by ablation. The confinement of the hot core plasma for a duration of about 10 ns is clearly visible. The
duration of the soft X-ray signal is much longer than that obtained with a directly
irradiated target, the typical X-ray duration of which is comparable to that of the laser
pulse [7]. The measured plasma temperature is typically 300—400 eV.
Figure 4 shows the observed plasma energy lifetime as a function of shell
diameter for irradiation of a one-hole target with a 100 J CO2 laser. The lines correspond to the entire width of the X-ray signals (solid circles), the width of the second
peak of the X-ray signals (triangles), and the separation between the two peaks of the
X-ray signals (squares). We note the linear dependence of the confinement time on
the shell diameter. This is due to the fact that both ablation density and plasma pressure are approximately proportional to the laser energy per plasma volume and the
fact that the sound speed becomes approximately independent of the plasma diameter.
The solid squares correspond roughly to a/cs (shell radius divided by the sound
speed), giving a thermal electron temperature of approximately 600 eV.
Figure 5 shows the width of the soft X-ray signals as a function of tamper shell
diameter for irradiation of a two-hole target with a 200 J CO2 laser. Two laser
beams irradiate the different regions inside the target. Thus, the laser intensity is
almost the same as in the case with a one-hole target and the sound velocity in the
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FIG. 5. Observed plasma lifetime as a junction of shell diameter for irradiation of a two-hole target
with a 200 J C02 laser. The total width and the width of the secondary peak are seen to be approximately 30% larger than those obtained with the one-hole target shown in Fig. 4.

area of direct irradiation is almost the same for both targets. The values of the solid
circles and the solid triangles in Fig. 5 are systematically higher ( = 30%) than those
in Fig. 4, although the area of the holes in the two-hole target is twice that in the
one-hole target. The reason for this phenomenon is probably the more favourable
geometry of the self-generated magnetic fields. It can be seen that the X-ray width
is proportional to the shell diameter (Figs 4 and 5). An X-ray detector with a different
filter is also used to measure the X-ray signals (0.5-1 keV) simultaneously; signals
of almost the same shape are obtained. This indicates that the hot core temperature
is several hundred electronvolts during the emission time of the soft X-rays. In the
case of the targets with two holes, the thermal electron temperature is obtained from
the intensity ratio of the helium-like and hydrogen-like sodium resonance lines which
are emitted from the seed material of NaCl in the shell, based on coronal equilibrium.
The measured plasma temperature varies from 600 eV at a shell diameter of 1 mm
to 450 eV at 2 mm and to 350 eV at 3 mm.
In our investigation of the dependence of the plasma lifetime on the magnetic
field configuration, we tested the modified one-hole spheromak type target [8]. This
target has a one-turn coil, made of 50 (xm thick copper, which surrounds the sphere
azimuthally. The target is irradiated with a CO2 laser which has a time advance of
several hundred picoseconds, as shown in Fig. 6(a). The one-turn coil is 3 mm wide
and has a radius of 2 mm and a drilled observation window. The measured decay
time of the magnetic field of this coil is longer than 10 ns and the peak magnetic field
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B:89J

(b)
FIG. 6. (a) Geometry of the spheromak-type target.
(b) and (c) X-ray images for different poloidal magnetic fields produced by the laser energy (B).
The irradiation energy of the spherical target is also indicated (A). Target (c), which has a laser energy
on the one-turn coil two times that of target (b), shows a much brighter image.

at the centre of the circle is 50 T at a laser energy of 100 J; a search coil has been
used for these measurements [9]. Strong poloidal and toroidal magnetic fields exist
in the shell target. Typical X-ray images of the spheromak type target are shown in
Figs 6(b, c). The irradiation energy of the spherical target is almost the same in both
cases, but the irradiation energy on the one-turn coil of target (c) is two times that
of target (b). The intensity of the X-ray image of the hot core in (c) is two times that
in (b). This result demonstrates the importance of the poloidal magnetic field
and of plasma confinement. A comparison of two-band soft X-ray signals
(Ch.l: 0.1-1 keV, Ch.2: 0.5-1 keV) shows that the spheromak type target has an
about 50% larger X-ray width and a 50% longer amplitude than the one-hole target.
This indicates that a hotter plasma with a longer lifetime is generated in the spheromak type target. The open triangle in Fig. 4 indicates the hot core lifetime of the
spheromak type target. This longer lifetime gives experimental evidence of the magnetic thermal insulation of the core plasma.
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A scaling of the observed lifetimes of the plasmas can be obtained on the basis
of the mass ablation rate [10]. If the lifetime is determined predominantly by the
piston speed of the expanding shock, the confinement time is proportional to
Wa Vps/P, where ps is the density of the shell material and P is the plasma pressure
in the cavity. In the present experiment, the plasma pressure and the density of the
ablated tamper shell scale as
P = 3rtabEL/(4m3) (g-cm-s2)
ps - (2.6/a272) (EL/47r)0-86 V°J6 (g-cm"3)
where EL is the irradiation energy in kJ, a is the cavity radius in mm, and r]ab is the
absorption efficiency. These relations give a confinement time of 10 x a115 ns,
which is in reasonable agreement with the experimental results. We can explain the
confinement time simply by the plasma expansion time.
The dynamics of the cavity plasma have been analysed with the spherically symmetric one-dimensional fluid code HISHO [11] in which a uniform magnetic field of
103 T is assumed in the cavity and the electron thermal conduction is reduced by a
factor of (o)ceTe)"2. A typical example of the simulation results is shown in Fig. 7.
Figure 7(a) shows the streamline contour (flow diagram) of the plasma. It
clearly illustrates the formation of the hot core with a radius of =0.23 mm, in agreement with experimental observations [5]. A similar simulation without a reduction
of the heat conductivity showed no formation of a hot core and the confinement time
was lower by approximately a factor of five. The experimentally observed confinement time is in agreement with the simulation that assumes a uniform magnetic field.
Figure 7(b) shows the profiles of plasma pressure P, electron temperature Te
and ion density n; (electron density is 3n;) at 6 ns after irradiation. The figure
clearly shows that the thermal energy of the plasma is confined by the magnetic field
while the plasma pressure is sustained by the inertia of the tamper shell, as expected
from the first investigation [1].
With a plasma density of 6 x 1020 cm"3, as obtained in the simulation, and
an observed confinement time of 8 ns in spheromak geometry, the experiment demonstrates the production of a plasma of 500 eV temperature, with
nr = 5 X 1012 cm~3-s, which is amazing in view of the relative simplicity of the
experiment and the small amount of input energy.
The fourth type of target is made of parylene, surrounded by a gold shell. These
targets are used to test the enhanced confinement time that is due to the large gold
inertia. The experimental results show that the confinement time as deduced from the
width of the 0.5-1.0 keV X-ray radiation has a clear parabolic dependence on the
shell diameter, giving « 34 ns at 2a = 3 mm. We believe that the parabolic dependence is a consequence of the diffusive lifetime of the magnetic field and/or of the
lifetime of the electron heat, which is shorter than the gold inertia time in the
experimental temperature range; this phenomenon strongly indicates the existence of
a magnetic field.
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FIG. 7. (a) Flow diagram; (b) profiles of plasma pressure P, ion density nt, and electron temperature
Te, at 6 ns, based on a one-dimensional spherical simulation. A uniform magnetic field of 103 T is
assumed in the calculations of the radial heat conductivity.

To verify the excellent energy and particle confinement directly in the cavity,
C and D targets of 100 pm thickness, with 100 /xm gold coating on the outer surface,
were irradiated by 1 /*m laser light of GEKKO XII. A D-D neutron yield of
107-109 was observed when a laser energy of 3-7 kJ was injected into a cavity of a
diameter of 1-4 mm. The results indicate stable confinement of hot C and D plasmas
in cavity targets, as predicted theoretically and as inferred from the experiments with
LEKKO VIII.

3.

REACTOR TARGET CONSIDERATIONS

In target design, the most important parameters are the input energy E;
required to achieve ignition and the energy multiplication factor Q. Since E; is
proportional to a3 and since the plasma radius is inversely proportional to the expansion speed v, the input energy is a strong function of v. However, the use of the

416

NAKAI et al.

expansion speed in the evaluation is ambiguous because local heating of the interface
of the cold fuel causes plasma ablation in the centre and reduces the expansion speed.
In particular, if the ablation rate is comparable to the piston speed, which is quite
feasible because the piston speed is only 10"2 of the sound speed of the hot core, the
plasma density of the hot core remains unchanged during the expansion and the
ignition condition can become independent of the expansion speed.
To study these effects, we have performed 1-D spherical hydrodynamic simulations using the HISHO code for reactor size targets. The following assumptions have
been made in the simulation: (1) The effect of magnetic field becomes manifest only
in the reduction of the conductivity by a factor of (1 +a>cT2)~1 at the time when the
laser power drops to 1CT2 of the peak value. (2) The absorption rate of the laser is
50% and the absorbed energy is deposited in the electrons and ions in 5/7 of the fuel.
(3) The alpha particle energy is absorbed by electrons at the point of its generation.
The physical parameters used in the simulations are:
— Laser pulse duration (with a Gaussian shape) of 10 ns;
— Laser energy range of 13-26 MJ;
— Inner radius a of the target of 3-4 mm (Fig. 1), with a D-T fuel thickness (b-a)
of 1250-1500 fun and a metal shield (gold) thickness (c-b) of 3000 fim;
— Magnetic field of 104 T.
Figure 8 shows the temporal variations of the fuel internal energy for different
values of absorbed energy Ea (one-half laser energy) and inner radius a of the target
as obtained in the simulation. When the absorbed energy is not sufficiently large so
that the plasma temperature is subcritical, the energy loss is due to expansion, radiation and heat conduction. However, beyond a critical level of the absorbed energy,
alpha heating is stronger than the energy loss and ignition is possible. The condition
for ignition is an increase of the internal energy after the laser is shut off. In Fig. 8,
t = 0 corresponds to the time of the peak energy of the laser, hence at t = 5 ns the
laser is shut off. We note that ignition occurs at Ea = 16.7 MJ for a 3.0 mm radius
target and at Ea = 20 MJ for a 4.0 mm radius target. The ion temperatures at ignition are approximately 10 keV. In the plot for a = 3.5 mm, results obtained without
a magnetic field (open circles) are also shown, indicating the importance of the magnetic field. Without a magnetic field, ignition does not occur.
Figure 9(a) shows the flow diagram for the case of 26 MJ/3.5 mm presented
in Fig. 8. The formation of the radially propagating shock wave, the rarefaction wave
behind the shock, the piston motion behind the rarefaction wave and various streamline contours of the internal plasma flow are shown. The shock speed us obtained
from this figure is approximately 6 x 107 mm/s; it agrees with the theoretical value
VP/ps = 4 x 106 VnT, where P is the fuel pressure and ps is the gold mass
density, when the observed values of T = 30 keV and n = 4 X 1021 cm"3 (see
Fig. 9) are used. However, the piston speed, which is two-third of a,, is lower than
the theoretical value. This is a consequence of the rarefaction wave, which tends to
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FIG. 8. Fuel internal energy as a Junction of time after the laser pulse, for various inner radii of the
target and different values of absorbed energy (one-half laser energy), obtained in the one-dimensional
spherical simulation HISHO. Ignition is shown to be achieved at an input energy of around 1 MJ.

push the piston backwards. The rarefaction wave can be produced by the expansion
due to the bremsstrahlung photon deposition in the gold tamper.
The most remarkable feature in Fig. 9(a) is the significantly slower expansion
speed of the internal hot plasma. For example, if we take the streamline that crosses
at R = 2 mm at 50 ns, where the temperature begins to drop, the expansion speed
can be deduced to be 0.5 us. The reduction of the expansion speed v is a consequence of ablative inward flow of the solid fuel and of the rarefaction wave which
slows down the piston motion. Both the ablative flow and the rarefaction wave are
due to heating by radiated photons, heat conduction and alpha particles produced in
the central hot core region. Consequently, the entire system has a built-in energy
recycling mechanism, which is absent in most other fusion schemes. Figure 9(b)
shows the electron temperature (T), the ion number density (n^ and the plasma
pressure (P) of Fig. 9(a) at 50 ns.
The slow expansion speed v of the hot core indicates that the central plasma
density remains approximately constant rather than decaying as r"3 in accordance
with the expansion of the tamper.
Figure 10 shows the temporal behaviour of the ion density (ni0), and of the
electron and ion temperatures (Teo, Ti0) at the centre of the core shown in Fig. 9.
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FIG. 9. (a) Flow diagram for the case of a = 3.5 mm and Ea = 26 MJ. The laser peak is at IS ns.
(b) Spatial profiles of the electron temperature Tt (the ion temperature is approximately 'ATJ, the
ion density n, (= ne = n), and the plasma pressure P, at 50 ns.

The broken line indicates the temporal variation of the central density when it obeys
r"3 variation. This figure clearly shows that the core plasma density remains almost
constant, in spite of the expansion of the tamper. Naturally, the plasma density is
provided continuously by the ablation of the solid fuel. We also note that the central
temperature increases at ignition.
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4.

CONCLUSIONS

A new fusion reactor scheme which combines the benefits of magnetic fusion
and inertial fusion is introduced. A plasma with a density n of > 1021 cm"3 and a
magnetic field of > 102 T are generated by means of hot electrons and by ablation
from the solid fuel contained in a spherical metallic shell of a radius of a few
millimetres. The plasma pressure is confined by the inertia of the expanding heavy
metallic shell and the plasma heat is insulated by the magnetic field to form a high
temperature low density core. Spherical simulations, based on a hydrodynamic code
(HISHO) in which the radial heat conductivity is reduced by a factor of (<oce7)~2,
showed the occurrence of ignition at an absorbed energy of 15 MJ. The expansion
speed of the hot core is found to be significantly lower ( = 0.1) than the expansion
speed of the shock wave. This is a consequence of the ablative flow from the solid
fuel towards the centre, produced by photon heating due to bremsstrahlung radiation.
Preliminary experiments, using 100 J CO2 lasers, achieved a confinement time
of up to 20 ns with a temperature of =500 eV in a cavity target of parylene. The
estimated electron density of 6 x 1020 cm"3, based on a simulation for a target of
1 mm diameter, gave nr of 5 x 1012 cm"3-s.
The new scheme presented here has potential engineering advantages over the
traditional magnetic fusion schemes because of its structural simplicity, the elimination of the wall loadjng problem and the lower output power. Furthermore, with the
present scheme there is no problem of a pressure driven instability. Compared with
the traditional inertial fusion approach, this scheme is also advantageous because it
does not require implosion. The scheme can utilize high efficiency CO2 lasers or
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particle beams. For the design of the present scheme to.be applied in a reactor, more
studies are still required, for instance detailed studies of the generation processes of
the magnetic field and the physics of the expanding boundary of the hot core which
controls the behaviour of the fuel density.
',
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Abstract
PLASMA STABILIZATION IN TRAPS WITH SPATIAL AXIS.
Possible methods of plasma stabilization within traps with spatial axis for both circular
and triangular-elliptic magnetic surfaces, applicable to Dracon, Spitzer's Eight and Heliac, are
studied theoretically.

1.

INTRODUCTION

The purpose of this paper is a theoretical study of plasma stabilization
techniques in closed traps with non-flat magnetic axes. Spitzer's Eight, Dracon,
helical tori and Heliac, to be considered below, are examples of such traps. All
these traps have complex geometries which are difficult to construct.
However, the possibility of stationary plasma confinement without longitudinal
current is their main attractive feature. The Dracon trap proposed in [ 1 ]
(Fig. 1), which has long rectilinear sections, is the most promising device. For
stability analysis, we shall use the well-known Mercier criterion written as an
expansion in terms of the small parameter 0 = 87rp/B2 (see [2]):
M = S 2 +|3W 1 +/J2wY + 03W3,+ /34W4 + ...

(1)

where S = p9 lna/3p is the shear, W^ the vacuum magnetic well (or hill), and
W2.W3.W4... are the consecutive expansion coefficients.

2.

STABILIZATION AT CIRCULAR MAGNETIC SURFACES
(V.M. Glagolev, B.A. Trubnikov)

Circular cross-sections are suitable because their design is simple and the
magnetic field is used effectively. They do not need any auxiliary windings;
the following methods of plasma stabilization can, in principle, be used in their
presence:
(1) finiteness of ion Larmor radius [3];
(2) additional rings of hot electrons or ions;
421
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FIG. 1. Two projections of Dracon with stabilizing S-like plugs (3).

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

sloshing ions;
feedback stabilization;
external travelling fields smoothing the surface [4];
rotation in the radial electric field;
a set of conductors with current near the plasma surface [5];
stabilization by shear, i.e. by field line crossing;
non-uniform field at axis of curved pieces ('S-plugs');
self-stabilization effect due to finite pressure [6].

Methods 1 to 7 were, in part, considered previously and applied in practice.
For example, a finite ion Larmor radius, xv = vTi/c0j, stabilizes the flute-like
perturbations with sufficiently small wavelengths [3]:
(2)
where a is the plasma column radius, and K the curvature of its axis. This method
is expected to be particularly effective under ECRH, when, for T e > T,, as is
shown in Ref. [7], complete stabilization of flute-like perturbations can be
reached if the condition
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is satisfied and displacement of the plasma column as a whole is excluded.
Methods 8 to 10 will be discussed below in greater detail for Dracon and
Spitzer's Eight.
2.1. Stabilization by shear, S = p3 In a/dp
If the magnetic axis of a trap has curvature K(s) and torsion K(S), the angle
of rotational transform for magnetic field lines at the axis itself will be a 0 =
outside the axis, we have [8]:

a L ( p ) = a 0 ( l - — P2<K2>J;

<K2> = Cp K 2 «ds/ j> «ds

(4)

Hence, the shear is found to be

,

<

-

-

-

(

•

5

)

16
It differs from zero even for circular magnetic surfaces.
The Mercier criterion (1) for low j3 provides the stability condition
»
9
~2LB°
n
S +/3W!>0; Wt = L(B 0 /a 0 ) V (0)p — l n p = — — - 0V"
dp
?ra oc0
,

2

2

(6)

Here, L is the total length of the trap, 0 = np2B0 is the longitudinal magnetic flux,
and, for constant curvature of the bent pieces, K o , and uniform field Bo at
their axes, the quantity V"(0) provides a 'hill' equal to

= J> (K/B) ds/7r = - L (K /B )
2

K

J

0

2

0

(7)

IT

where LK is the total length of the bent pieces. In these conditions, the
Mercier criterion gives
(8)

which is too small at the plasma boundary. However, the hill can be reduced and
even transformed into a well if one makes the magnetic field at the axis nonuniform as will be shown below.

424

GLAGOLEV et al.

2.2. Stabilization by a non-uniform field (by 'S-plugs').
Such a method is considered in Refs [9, 10].* Therefore, we shall, below,
present a useful technique for its optimization in Dracon, where one can use a
dimensionless variable t = /Kds instead of length s, considering it as a certain
fictitious current 'time'. Let us write the field at the axis of the bent pieces
as B = B o b(t) and introduce a flat vector:
t
=

/

cosa; -sina}t~ 3/2 dt

(9)

-T/2

and its 'velocity' v = q with its magnitude |v| = b
'well' can be written as [10]:

3/2

. Then, the expression for a

M(M •'«•*£'•
The well V"(0) < 0 can be obtained from the last term when a number N of
additional, S-shaped, magnetic plugs is introduced at the centre of each bent
piece (CREL, i.e. a curvilinear element), where |q| is a maximum one. The
curvature in the plugs is chosen, for the sake of convenience, as K = VbK e n d ,
providing constant aspect ratio along the plug. Then, from (10), we find

(11)
-T s /2

where Ko is the curvature, L$ the length of CREL without taking account of the
plugs. The function L turns out to be equal to E = v^f- (3 q2 + q2 + qq)/3 q in
this case; it plays the role of a Lagrangian. Hence, solving the Euler-Lagrange
equations,
9L

d2 3 t

d 3L

Id

+

where X = (3/2) In b(t), we find the optimum field profile:
X(t)
dt

: = t + - Ts

VX-(e x -l)A

2

(12)
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b(s)
,-3/2^IK

Vlnb-|A(b3/2-l)

c;

/

N3\

,

-LsKend
2'

(13)

where A = f (In Il)/(ri 3 / 2 - 1), and n = B m a x /B m i n is the mirror ratio in the plug.
The integrals (13) can be evaluated only numerically, but the expansion
e^ — 1 = A(l + X/2) is a good approximation, giving the following profile:

which is used in [ 11 ], where a well V"($) < 0 is obtained for Dracon with
circular magnetic surfaces, under the condition:
K0/NKend<F(n)«(l/TCREL)[lqlmax-(4/n)]lnn

(15)

The function F(I1) is weakly dependent on the CREL configuration, e.g. for
11 = 2; 3; 4F(2) = 0.10-0.15; F(3) = 0.25; F(4) = 0.35. Thus, for a mirror
ratio n = 3, it is sufficient to have two plugs only and K 0 /K end = 2 for obtaining
a zero well.
Note that the well in Dracon can be produced by a traditional triangularelliptic deformation technique for the magnetic surfaces of a uniform field as
is shown in Ref. [11].
2.3. Stabilization of Spitzer's Eight
A non-uniform field with S-plugs can be used for plasma stabilization, not
only in Dracon but also in Spitzer's Eight, by arranging the plugs as is shown in
Fig. 2. Such a trap includes two tilted semitori with curvature Ko, four toroidal
pieces with an angle of turn \j/l adjacent to them and placed in two parallel planes
and, finally, two stabilizers with flat axis and S-like plugs. In contrast to the
Dracon, there is no equilibrium in the separate pieces, but equilibrium is provided
as a whole, as in any spatial trap. The curvature of each plug is chosen to be
K = VbK e n d ; the angle of turn, read off from the plug centre, is designated by <p
(Fig. 2). These parameters should be matched geometrically, and then stability' is
analysed by an expression for the well, V"(0), from [8].
The calculated dependences of <p, i/>, K 0 /K end = g on the mirror ratio, n, in
the plug are given in Fig. 3. For II = 3, we obtain a magnetic well of about *-1% •
at an equilibrium 0 = 2%, if there is only one plug in each stabilizer. The enhanced
transport coefficients, due to the drift of the particles captured in the S-plugs,
may turn out to be a disadvantage of such a trap, as well as in the Dracon •
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FIG. 2. Two projections of figure-of-eight-like trap with S-like stabilizers.

1 • 0.2
0.5

4 n
FIG. 3. Dependence oftp, \p,g on mirror ratio FI for stabilized figure-of-eight-like trap
as shown in Fig. 2.

discussed previously. A reduction of this effect is possible by reducing the mirror
ratio together with an appropriate rise in the number of S-plugs, which allows
higher values of j3 to be achieved.
The higher order terms in the Mercier expansion (1), which were considered
previously in Refs [2, 12], are taken into account in the next section. The terms
j32 and 0 3 have been shown to be eliminated for circular surfaces. They are,
however, different from zero for triangular-elliptic surfaces and can assist in
stabilization as will be shown below for the Heliac trap.
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ANALYTICAL OPTIMIZATION OF A THREE-DIMENSIONAL
HELIAC-TYPE CONFIGURATION (A.A. Subbotin)

(1) As is shown by numerical calculations [13, 14], in systems with
helical symmetry, the jS-limit can reach high values (~30%). When, however, a
configuration is closed into a torus, plasma stability, for a small number of
periods in the system, may deteriorate considerably [15]. Numerical optimization
of 'flexible Heliac' systems has shown that )3 =* 8% can be reached [16]. In the
general case, numerical optimization of toroidal systems with helical axes, of the
Heliac type, is difficult because of the great number of parameters on which the
MHD plasma stability depends (pitch, ellipticity, triangularity, etc.). One must
have analytical models to specify the directions in which the optimum should
be sought.
In this paper, an analytical model calculation of plasma stability of Heliac
type systems is carried out by the method of expansion into a power series in
terms of the distance from the magnetic axis. The estimates of j3 are done by
the Mercier criterion and by the sufficient stability condition. The method used
in this paper is similar to that developed in [ 12, 17].
(2) The plasma equilibrium equations in the flux co-ordinates (a, 8, s) with
straightened field lines have the form [12]:

812

9y?

§22

,

,

Sis

§23

J + ^ =T X ' + T *
dtp

§23

9? Vi

,

,

(19)

§33

\/g

where primes denote derivatives with respect to a, <... )gg denotes the average
over 6 and f, <j> and x are the toroidal and poloidal magnetic fluxes, J and I are the
currents, v and v? are periodic functions of the co-ordinates, 6 and f, which
characterize the 'charge separation' current and the scalar potential of the
irrotational part of the magnetic field; f = s/R, R = L/27T, and L is the system
length. The magnetic axis is characterized by curvature K(s) and by torsion K(S).
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Let us consider the x, y co-ordinate system orthogonal in the s = const plane
and rotating around the tangent to the magnetic axis with an angular velocity
of 5'(s).
Let x and y be given as series in powers of a:
cj + a 2 £ 1 (f)

(21)
(22)

where co = co0 + af(0, f), co0 = 0 + h(f); h(f) and f(6, f) are periodic functions,
and X and 7a are elongation and triangularity of the magnetic surface cross-section,
respectively. The calculations are done on the assumption that Xj = 75- = 0. The
field at the axis is assumed to be uniform, Bj>(f) = 0. Configurations with
72a2) < 1 and a ^ / R 2 < 1, where a0 is the co-ordinate of the plasma boundary
and n the number of axial periods, are considered.
One can derive the expressions for the metrical coefficients g^ in the zero,
first and second approximations in terms of small parameters. Averaging Eq. (9)
in the zero approximation with respect to 6 and f, we obtain for the number of
rotations:
V = x'/4>' = tto+t*j

(23)

where
2X JR

2X

Let us write <5l> = £, K0R = <«R>f + N, where £ and N are integers. In Heliac type
configurations, we have £ + N = n. Then, for 5 and ju0 we can write the following
relationships:

t
(24)

2X

X2+l

-

-

(25,

Then we assume that there is no longitudinal current, i.e. MJ = 0, and the pressure
is a parabolic function of a. The parameter (3= 2p/Bo =-2np'aal/<t>'2.
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(3) By using methods similar to those employed in [12, 17], the Mercier
criterion and the sufficient stability criterion can be written as
(26)

5U/U + W - B M ; S > 0

Here,5U/U is the vacuum magnetic well, W the deepening of the magnetic well
dependent on the magnetic field line displacement due to the plasma pressure,
B M ; S is the destabilizing 'ballooning' term, which depends on the pressure via a
square law. The subscript M corresponds to the Mercier criterion and the
:
subscript S to the sufficient stability condition.
For the quantities entering (26) the following relationships have been
derived:

(27)

(28)
87r2p'R2a3 X2 + 1
2X
<K 2 >/7+X 2
4X \3X2 + 1

6U/U = -a

<K2cos26> /7X2 + 1
3+X2
4X

X2-l

(29)

7X2
X2
3 + X2

2

_

3 (X2 - 1)
3X2 + V

3X2 + 1

7 <K cos 5>

X2 3

2X

X |-^—1 (2X2 + X + 2) (Ke'
' i6i6)[)[-

i6

)[

(2X2 - X + 2) (Ke i 6 )[

(30)

The function ov is the solution to the equation
(31)
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(4) The calculations have been done for a spatial axis given in the form of
a 'spirel' (spiral e/ement) [18], i.e.

exp

•I

(32)

«(?)dr R

This representation holds for a wide range of closed curves, including curves close
to the magnetic axis of Heliac. The parameter K0 characterizes the amplitude of
the helical magnetic axis. The magnetic axis is an n-periodic helical line upon the
torus with minor radius
_ R / 2n2 *oR
~ n V n2 - 1 n
for low K0. The number of periods should tend to infinity for the transition
to a helical symmetry, considering R/n to be fixed. If we prescribe the function
h(f) as h = hi sin nf, we shall be able to obtain an analytical solution to Eq. (31)
and to perform the necessary averaging procedures. The stabilizing terms turn
out to be maximum for 6(0) = 0. Writing down the consecutive relationships,
we may consider this condition to be satisfied. Solving Eq. (31), one gets a
relationship

(33)
M=-°°
where
X+ 1
K

2X1/2
X- 1

' 2X 1 / 2

° J M-l( h l

(X+l) 2
2X

(X-l)
2X

2X

~ Mn)

Here, J M is a Bessel's function. Substituting this expression into (27) to (30), we
obtain the relationships for the j3-limit:
aon

aon

(b M ; S - v)

(34)
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Here,

C.=

3(X2-1)

R

2

2X

3X +1

1 / 7 + X2

n

7X2 + 1

(
4X\3X 2 +1

K2Jo(^r^h1l-2K0K1J1

3+X 2

h,

•K?J 2

X2+l

2X

2X

2X Y
V 2X

(X2-1)X
n (3X 2 + 1)(3 +X 2 )
M

16X(X2+
v = (3X 2 +1)(3+X 2 ) 2 S . 2 ( X 2 + l )

R2

R2

2

X2+l
X

max

S

m =0

X2-l
2
m TTTTZm)cosmnf R
+

X2+l
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0.1

FIG. 4. Limiting $ obtained from optimization with respect to aon/R, X and hlt shown is
casewitk: yao = O.3, l:n = 2, 2:n = 4, 3:n = 6, 4: n ->«>. Solid lines correspond to Mercier
criterion, dashed lines to sufficient stability condition.

X+l

J

4X

-i

(X+l)2
-hi
2X

(X+l)2
2X

M+1

(X+l)2

X2+l
•h,
4X

(X + I) 2
2X

1J

M+i( h l

2X
-

K0JM ( h t

n2

(X+ I)

l

2X

- n2
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20

FIG. 5. Limiting /} (Mercier criterion) as a function of number of periods obtained from
optimization with respect to X, ht and K0R/nfora0/R = 0.05; l:yao = 0.3; 2:ya0 = 0.4.

c

0

=

Md-M
M

M

M

•-I

M

d», =
M'

Thus, the )3-limits are the functions of triangularity, ellipticity, aspect ratio,
number of periods for the magnetic axis, and of tc0R and h^ As is seen from (34),
the /3-limits depend monotonically on triangularity. Optimization can be carried
out for the other parameters.
If triangularity and number of periods are given, the optimization for the
other parameters results in the dependences shown in Fig. 4. The case with
7a 0 = 0.3 is illustrated. With an increase in triangularity, the graphs 0 M . S (/c0R/n)
are stretched along the axis of ordinates, proportional to y2a.l. In most cases,
the optimum cross-section elongations lie in the range from 1.6 to 3, the
maximum angle amplitude is 6 < 0.3. Figure 4 shows the optimization of the
system for a given number of periods and for given triangularity. In this case,
the /3-limits rise with the number of periods and, for n -»• °°, can be very high,
because of the increase in the period length. If the aspect ratio is finite and
prescribed, the number of periods can be optimized for the system. As can be
seen from Fig. 5, the optimum n o p t «* 6 to 8, for a o /R = 0.05.
(5) Thus, rather high /3-limits (according to the Mercier criterion) (> 10%)
can be reached even for a low number of periods and for not too large triangularity,
in toroidal configurations with helical axis. The /3-limit found from the sufficient
stability condition turns out to be lower by about an order of magnitude.
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Although the results obtained in this paper are, strictly speaking, only
correct for small torus curvature, they may provide some limits as to the
optimization of real systems.
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PLASMA TOROIDAL ROTATION
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Abstract
RELAXATION OF PLASMA TOROIDAL ROTATION IN TOKAMAKS AND ANOMALOUS
VISCOSITY.
A theory of anomalous viscosity in tokamaks is presented. Previous results are generalized
for the case MpVm <; I, where M and m are the ion and electron masses, respectively, and |3 is
the ratio of the plasma pressure to the magnetic pressure. A complete set of equations for
anomalous transport with gradients of density, temperature and toroidal momentum is obtained.
This theory describes the damping of the toroidal rotation after neutral beam injection has been
switched off. A comparison of theoretical and experimental results is presented and good
agreement is observed. In addition, the contribution of drift waves with wavelengths
comparable to the ion Larmor radius is analysed, and model equations for the toroidal and
poloidal velocities, including parallel neoclassical viscosity and two types of anomalous
viscosity, are obtained.

1.

INTRODUCTION.

A series of plasma experiments with non-perpendicular neutral beam injection
in tokamaks have shown anomalously strong damping of rapid toroidal rotation
after the neutral beam has been switched off [1-5]. This damping is not described by
standard neoclassical theory. There are two points of view regarding this problem:
(a) Stacey and Sigmar [6] attempt to explain this effect in terms of inertia and
gyro viscosity; (b) Kadomtsev, Morozov and Pogutse [7] propose an anomalous
viscosity mechanism based on small scale turbulence. This mechanism follows
naturally from a set of equations describing self-consistent transport in the strong
magnetic field of a tokamak [8]. The results of Ref. [8] are, however, correct for
Mj3/m < 1 only (see later), where M and m are the ion and electron masses,
respectively, and jS = 87rnT/B2. The theory of anomalous viscosity in Ref. [7] is
generalized to the case of M0/m > 1, and a complete set of equations for anomalous
transport with crossfield effects (density, temperature and toroidal velocity
gradients) is obtained by averaging the set of equations [8] over small scale
fluctuations.
435
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The purpose of this paper is to expound briefly the main results of anomalous
viscosity theory and to compare these results with various experiments and with
gyroviscosity theory. We also take the contribution of drift instabilities to
anomalous viscosity into account.

2.

AVERAGED TRANSPORT EQUATIONS AND ANOMALOUS
VISCOSITY
The set of equations proposed in Ref. [8] consists of four equations:

(a) Continuity equation:
dn

c

-*
47reB0 ( B' V ) A ^

dt

(b)

(1)

Generalized vortex equation for V = -pj"2 (1 - exp (p2 A^)) Io (-p 2 A^)
dr
dt

1
47rMn0

(2)

This is a model equation since it does not take into account the diamagnetic ion
drift.
(c)

Generalized Ohm's law:
d^
c -+
n
C T ?
-T^c&r-VVBVT eeln
+— 1 A | *
B-VT
ln
—
+
dt
eB0
n0 47T x
4

(3)

(d) Heat transport equation:
1

(B,Vq||)

d
T

Here, d/dt = 9/9t + (c/B0) [e T , V¥?], B p = [e T , V\p], n is the density, n 0 the nonperturbed density, ps the ion Larmor radius, f) = a"1 the collisionless resistivity
operator, and

m2 f ,
/ m v? a
\
=
" T J v vHf(vll)dvll = ^ ~ ^ e ~ + 7 "•
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In a linear approximation, the operators fj and £ can be obtained from the electron
drift kinetic equation for a non-uniform plasma. To the set of Eqs (1) to (4), we
should add the following equation:
j,, = ^ A ^

(5)

Averaging this system over the small scale fluctuations, we can also describe the
relaxation of toroidal momentum, since if we neglect diamagnetic drift, the
toroidal velocity will be proportional to the large scale electrostatic potential
gradient [10]: v T = - (c/Bp)/9^>/8x, which is determined by the averaged
equation (2).
We introduce the surface $ = const moving with the plasma when f? = 0
and calculate the flux of N (N means n, nT or i^) across this surface to determine
the transport coefficients. The equation for 3> is

s-°
The surface area is S. Its velocity is v<j> = (c/B 0 )[e T ,Vy]- Thus, we have

y /NdV= /"^dV+ /*

S

(7)

Substituting 8N/3t = v^-VN + F N from Eqs (1) to (4) into (7), we obtain (F N is
the right hand side of the corresponding equation):

NdV

Let us analyse the case N = n:

Using the expressions [8]

dS

"Tv£i d S

(8)
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and
c2
=—

L

f
/ dt'lV(f?A 1 i/'),V*]-e T

we obtain:

^

f [Sx^Ax

(10)

All variables in the square brackets are functions of t', according to the equation

We carry out a Fourier transformation of \j/ and an averaging of Eq. (10) over a
small time interval T and over the co-ordinate x. The x-axis is normal to the
surface 3> = const. In addition,

J n =

'5

"

X exp [i.(kx + k x )x] Tj kw (x)dxdkdk'dwdco'

(kz

(11)

Here,J2 = co + CJ^, co^, = -(ck y /B 0 ) (9/9x)<v?>- The parameters w^ and TjkjW are
weak functions of x and may be expanded in Taylor's series. Expression (11)
includes 5 = Re(7j/f2) = 6 0 + Sjx + 5 2 x 2 /2. Substituting S into (11), we obtain

_

(47r)2eB0SAxT

/dk

8
9k v

2

(12)

For X = |J2/k|| v e | < 1, the real part of f? is reduced exponentially. Thus, we can
use the next model for f?: Re f) = 0 for X > 1, and for X < 1 we have:
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J
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(13)

pe

2TT

Here
ck y d l n T e
COj

eB 0

dn
n o eB o dx

<*>„=-•
n

dx '

Using strong turbulence methods, we can estimate the spectral density for plasma
displacement:
c 2 k?
k:,a;

12

= —^l?l2

Hence, it is necessary to express i ^ ^ in terms of ? k c o , using longitudial Ohm's
law and Eq. (5):
(14)
The coefficients TJ,O and k|| depend on x very weakly and may be expanded.
To zero order, we have
(15)

'SI
Corrections may be calculated from perturbation theory:

(k«a)'
i 8 (an)'
Sl+iv a 9kx Sl + iv
Ck|,

i
2
X

2a dk

"
Sl+i V

(kja)"
k||

?k

(16)

We have introduced here the notation v = c2k^i7/(47r). The spectral density may
by derived from the following arguments [11]: If the velocity of matter
displacement is of the order of the phase velocity of the wave, the wave will become
unstable. Thus, we may estimate v ~ a>k/k^, %± ~ v/cok ~ 1/k^. To obtain the

440

MOROZOV and POGUTSE

spectral density, we represent v2 as a function of v^, substitute it into | | a n d
average it over the volume SAx and over the time interval T:

•* ->

\

co')t]dkdk'dcodco')~|£ k |

kj

(17)

where k* = oj pe /c is the typical value of k^ for small scale fluctuations. The
typical value of k|| is k|| = (qR)" 1 . We must also replace CJ by S2 everywhere in
(17) because this expression is correct for a system moving with the nonperturbed plasma. Finally,

SAxrc

-j

=——

(18)
9n
91nT e \
r - + C11n—
)
ox
3x /

ay

|

e

(19)

Here, 7 is a number between 1 and 2. At present, 7 is assumed to be 1. Xo is
the minimum possible value of the parameter A = |£2/k||ve|, i.e. the ratio of the
longitudinal phase velocity to the mean thermal electron velocity. In a linear
approximation, the phase velocity is the velocity of the Alfven waves. It may
be assumed that the spectrum hardly spreads into a region with lower phase
velocities. We take it that T e = T\ = T. In this case, we obtain:
Xo = c A /v e = \/m/(M/3 e ). This result is correct for Xo < 1. If Xo ^ 1, only a
narrow part of the spectrum near X = 1 will contribute to the integral (12), and
we can assume that Xo = 1. Since this calculation is only an estimate, we
introduce some coefficients of the order of 1, Clt C H , C2, into (19). We can
calculate the fluxes J^ and Jn-p in a similar way. Such calculations are performed
in Ref. [9]. We see from (1) and (2) that thegeneral vortex flux may be obtained from
the particle flux by multiplying it by o>Bi/n.
Complete averaged equations are obtained by adding the divergences of the
corresponding fluxes J N , arising from small scale averaging, to the right hand sides
of Eqs (1) to (4). Finally, we have
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(20)

n + C n nVlnT e ) + A2
(21)

c

At

n

(22)

n0

~nT

e

= E||j|| + v|A4(Vn + C41 nVlnTe)

(23)

We have performed all the calculations in Ref. [9], in detail. The coefficients A ;
are the transport coefficients:
c2

c4

ve

— #' y ;
qR

- C3
c4

A4 - C4

n e ve

qR

nemv

4 w4

o pe T e qR

In particular, A2 determines the effective viscosity coefficient, and A4 the
electron energy confinement time in a non-rotating plasma, T^. Comparing A2
and A 4 , we can express the toroidal momentum confinement time r T as a
function of r E . For Xo = (kfp^y1 < 1, we have

m
c2

ve

(24)

(25)

This result can be obtained from qualitative arguments only. Indeed, for s>eff a
dimensional analysis yields vei{ s= (Ax)2/At. For k*p ; > I, a single collision with
the wave can displace an ion over a distance pv A typical wave-particle collision
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50
tms)

FIG. 1. Comparison between theories and experiment. Horizontal axis corresponds to
toroidal rotation relaxation calculated from anomalous viscosity the'ory, vertical axis
designates experimental time. Solid line represents anomalous viscosity theory results,
circles give experimental results, and squares show results of gyroviscosity theory.

frequency corresponds to the frequency of appearance of the potential hill at this
point, i.e. the wave frequency. The greatest contribution to the anomalous
transport is given by the waves with co ~ v e /qR. In this way, we obtain
a2
v an
2
T T ~ a "eff ~ qR/P? e d> after some elementary transformation, we arrive
at (24).

3.

COMPARISON OF THEORY WITH EXPERIMENTS

From the time Ref. [9] was sent to press, some new results on toroidal
momentum damping in tokamaks have been published. There are experimental
results on DITE [3], TFTR [4], ISX-B [5]; also, an alternative gyroviscosity
theory has appeared [6]. In Fig. 1, the horizontal axis corresponds to the
toroidal momentum confinement time calculated from expressions (24) and (25).
The vertical axis shows the experimental confinement time (circles) and the
gyroviscous confinement time (squares) calculated from the expression

TT

2R 2 Ze
•G(fl)
cT

(26)

and we assume G (0) = 1. The quantity r T ( 0 ) is assumed to be an
experimental time. The first point r T = 19 ms relates to ISX-B [5]. The
following parameters are chosen for the calculation: deuterium plasma,
<ne> = 2.25 X 1013 cm" 3 = n e (0)/2, <Te> = 400 eV, B0 = 1.4T, R = 93 cm,
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a = 27 cm, q = 2, Zeff = 2.5. Very good agreement with the anomalous viscosity
theory is observed. Agreement with the gyroviscosity theory is not so good, but,
considering the degree of uncertainty in both the theoretical and experimental
data, the agreement should be regarded as good in both cases. In all original
papers where the mean temperature or density is not shown, we assumed them
to be equal to half the corresponding value at the1 centre of the plasma column.
The next point corresponds to PLT [ 1 ]. The following parameters are
chosen: hydrogen plasma, <ne) = 3.2 X 1013 cm" 3 , <Te) = T e (0)/2 = 1 keV,
Bo = 2.5 T, R = 132 cm, a = 40 cm, q = 2. According to [12], Z eff «* 1 for
<ne> > 2.5 X 1013 cm" 3 in PLT. There is good agreement with the anomalous
viscosity theory and a slightly worse one with the gyroviscosity theory. For low
density experiments, (ne> = 1.6 X 10I3crrf3, the damping time is very short,
Tj = 9 ms. (This point is not shown in Fig. 1.) However, for such low densities,
the density of impurities in the PLT plasma is very high, and another mechanism
may be responsible for toroidal momentum relaxation. We cannot compare this
experiment with the gyroviscosity theory, because Zeff is not presented in the
original paper, and, according to [12], Zeff can vary from 1 to 10 for different
regimes.
DITE[3]: deuterium, <ne> = 3 X 1013 cm" 3 , <Te> = Te(O)/2 = 35OeV, Bo = 2.7T,
R = 117 cm, a = 27 cm, q = 2, Zeff = 1. In this case, both theories demonstrate
good agreement with the experiment.
Again PDX [2]: <ne> = 2.9 X 1013 cm" 3 , T e = (l/2)T e (0) = 0.6 keV,
Bo = 2.17 T, R = 143 cm, a = 42 cm, q = 2, Z eff = 1. The time from anomalous
viscosity theory is twice as short, and the time from gyroviscous theory is six
times as short.
TFTR: On the basis of published data only, a rough upper limit for the
experimental time can be estimated. This is the toroidal rotation decay time
which is equal to 0.3 ns [4]. To obtain the net viscous time, we must subtract
the fast ion relaxation time from this value. However, we do not have information
enough and provide only theoretical data for TFTR. For the calculation, we take
the parameters of a regime with a high central temperature of about 10 keV;
<ne> = 3.2 X 1013 cm"3, <Te> = (l/2)T e (0) = 5 keV, B o = 4 T, R = 250 cm,
a = 82 cm, q = 2, Z eff = 1.4, r T = 40 ms for a hydrogen plasma, and T T = 20 ms
for a deuterium plasma. The gyroviscosity theory gives r T = 15 ms. A comparison
of these data with experiments should clarify the picture. Bearing in mind that
both theories are only estimates, we may state that there is good agreement of
the experiments with both theories. Thus, at present, we cannot choose between
the two theories.
4.

DRIFT EFFECTS

We have examined anomalous viscosity associated with electron motion
along the field lines, stochasticized by small scale oscillations with kj/ij^ 1.
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However, ion drift waves with k^p; ~ 1 exist in tokamaks [14] and should result
in momentum transport directly along the ion channel. Let us estimate the
corresponding transport coefficient:

(27)

ot

3 v ||
— - + <v||)V||V|1 + ( v r V ) v | | = 0
ot

(28)

Here, we assume V-vj^ = 0. In a quasi-linear approximation, the momentum flux
along V<v||> takes the form:
||
= Mn<V||v x >=D

"

x

|x|
=Re(

dx

\

)

\Zi(w-kyvn)/

3<v||>
L

)

(29)

3x

We introduce the plasma displacement in the co-ordinate system moving with the
unperturbed plasma |£ k | 2 = I vx !/(*;£ and assume that cok = cok + iw k . Thus, we
have

(30)

Here, cok is the inverse wave decorrelation time which determines the spectral
line width. Usually, in experiments with drift waves, we have the frequency
k v cT

dn0

eB o n 0 9x
and the displacement | § k | — kj 1 — pj. So, the estimate of D ~ (cT/eB0) P;/a and
that of the relaxation time r d ~ a2/D ~ a 3 eB 0 /(cTp i ). The ratio of this time to
the time obtained previously is large: 7"d/rT = (2<#2/q) VM/m for normal
tokamak parameters. Now, we can write down the model equations describing
the relaxation of the parallel and perpendicular velocities, including neoclassical
longitudinal and some anomalous viscosity mechanisms. It is well known [10]
that the plasma velocity may be represented in the form v = wej + ub, in a first
approximation in p/a. The equation for vj is
9v ||
at

u
-rneo
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Here, Tneo is the neoclassical poloidal velocity relaxation time. Expressing u in
terms of vy and v^, we obtain:
9v||

at

=

1 /

vii

r neo V

Vj.B0\

v||

BP/

rd

\
i \
V!(-+—)

(31)

(32)

Usually,
1

1
1
>— +—
T
r
neo
T
d

r

From (31), we may write Vj^ = v||B p /B 0 . Substituting this expression into (32),
we obtain the equation for the parallel velocity:
9v

ll
—U-

/I
1 \
(-+-)

(33)

which has been used for the estimates.
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Abstract
THEORY OF TOKAMAK PROFILES.
An MHD transport model giving rise to enhanced convection is presented. It leads to
nearly 'natural' current profiles over a wide range of transport parameters (Part 1). - It is
shown that experimental temperature and density profiles are consistent with the assumption that they relax towards profiles related by an expression given in the text (Part 2).

NATURAL CURRENT PROFILES AND PLASMA CONVECTION1

1.

It has recently been conjectured that tokamak plasmas tend to set up
certain current density profiles, which are the solutions of the following variational principle [ 1 ]

-0

(1.1)

Here, Vw, X Vf = B^ is the poloidal magnetic field, jf(\I/,R) the toroidal current
density, I the total current, and a a Lagrange multiplier. This variational principle,
although being somewhat related to the more obvious principle of minimizing
the magnetic energy under the constraint of constant total current, the analog
of Taylor's [2] principle with the total helicity replaced by the current, is
nevertheless different from that principle. Instead of providing just one solution, as the Taylor-like principle would do, to the surface current distribution,
which is not very relevant to tokamak plasmas, Eq. (1.1) determines the current
density as a function of 4i:
^

a

(1.2)

which for given I yields a whole class of solutions depending on a free profile
1

D. BISKAMP.
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parameter. For the case of large aspect ratio and circular cross-section, these
profiles, called the natural ones, are given by

Experimentally, the profile parameter is usually uniquely determined by the
total current and the presence of sawtooth oscillations. Using the observational
result rj = a/c^ where r j is the sawtooth inversion radius, and assuming
q(rj) = 1, we obtain ( q a / q 0 ) - 1 = q a . It follows from the equilibrium equation
that the pressure profile is also determined, up to a constant factor @p , and is
identical with Eq. (1.3). We should like to note that these profiles have
previously been derived as the most probable state, by using a statistical
approach [3].
Since tokamaks are open, driven systems, the basic question in the present
context is under what conditions actual tokamak profiles assume the shape given
by expression (1.3). Tokamak transport computations that are being performed
at various places, using sophisticated codes, do not seem to yield simple, selfsimilar profiles. On the other hand, dynamical computations of current sheet
formation and magnetic reconnection [4] reveal that the cross-sheet current
distribution very closely assumes the natural profile (satisfying Eq. (1.1)) in
plane goemetry. Hence, it appears that convection plays an important role in
the relaxation process.
Since plasma flows across a strong magnetic field are essentially incompressible, the flow cannot be one-dimensional, as is obvious in the reconnection
problem treated in Ref. [4]. In an axisymmetric system, the flow ~v = B X V<I>/B2
satisfies toroidal incompressibility, V-iT/R2 = 0, the simplest example being the
Pfirsch-Schluter flow. Such a flow leaves the potential part of the toroidal field
unchanged, while toroidal geometry, in general, leads to a net transport of the
non-potential part of the field as well as pressure and density. An exact treatment of this problem requires a two-dimensional transport computation, which
will be left for the future. Here, we suggest a 1-D mock-up model assuming
cylindrical symmetry, with vx representing the net flow, and B z replaced by
B z - B o in the magnetic convection term to account for the invariance of the
potential field. In addition, we assume, for the time being, that the density is
homogeneous, i.e. we assume sinks and sources such that p = 1, which, because
of the loose coupling to the remaining MHD equations, does not seem to be a
very stringent condition. Hence, we consider the equations:

dBe
d
d .
-^r= -^-vrB8+-T-r)j2
dt
d
o

(1.4)
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(1.5)

. . I d

(1.7)

The flow ur resulting from these equations is essentially resistivity driven,
but because of the effective elimination of the toroidal field we now have
vT ~T?p'/Bg, which is larger by a factor BQ/B^ ~ q 2 A 2 than the usual classical
diffusion. Transport models, on these lines, with plasma confinement produced
by the poloidal field only, were also discussed previously and are called
pseudo-classical. One consequence is a more general condition for the resistive
equilibrium, 7}}z — urBg = const, where both terms are of the same magnitude,
so that the current profile can no longer be inferred from the Te-profile. In
addition, configurations are found to relax to /3p = 1, i.e. the poloidal currents
are not sustained, which though not unreasonable appears to be somewhat
restrictive.
Let us first point out a special solution to Eqs (1.4) to (1.7). Since we
consider the case of small transport coefficients, p and B satisfy the equilibrium
equation. We assume a Spitzer-type resistivity, 77 = T?0 (p(0)/p(r))*>; a is a
phenomenological heating efficiency and P(r) a general auxiliary heat source.
A simple algebra yields that for v = 1.5, 7 = 2, a = 1, P = K = 0, the natural
profile (1.4) is an exact non-trivial solution of the stationary equations.
Prescribing the total current I and p at the boundary completely determines
the remaining parameters q a /qo and j(0).
This result would not, however, be of great interest if it depended strongly
on the special choice of v and 7, since real plasmas have 7 < 2; v as defined above
would effectively depend on the density and the impurity distributions both
assumed uniform here, and K is finite, K~t\. We have, therefore, solved Eqs (1.4)
to (1.7) numerically for different values of transport parameters with boundary
conditions B z = 1, B# = I(t), p = pl, and a free outflow condition v"- 0. In the
cases discussed here, we start from a uniform pressure, p(r) = Pi and BQ (r) = 0,
and increase the current I up to a saturation level on a time-scale r 0 . Except
when T 0 is significantly shorter than the initial skin time, no skin current is
formed. For the special parameter choice, we precisely recover the natural
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FIG. 1.1.

Current and pressure profiles for v — 5J4, 7 = 5/5, a= 1, K — 0.

a = 0.66

FIG.

1.2.

Current

profiles

for a = 2/3 and 3/2, with v = 3/2, y = 2,K = 0.

profiles. Relaxation is rapid, so that the evolution of j(r,t) is just a sequence
of natural profiles.
Varying the transport parameters we find, in fact, that over a wide range
the current profile remains almost natural - though the profile parameter
changes considerably - while the pressure profile may exhibit stronger deviations from the corresponding natural shape.
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Current profiles for K = T?0 and 70r? o , with v - 3/2, y = 2.

(a)

The exponent v and the coefficient 7 have been varied independently,
1 . 6 > I > > 1 , 2 . 5 > 7 > 1 . A typical example is shown in Fig. 1.1 with
v — 1.25, 7 = 1-66. The continuous curve is the numerical profile, the
dotted curve is the profile (1.3) with j(0) and q a /qo a j(0)/I from the
numerical result. There are special combinations, such as v - 1.25,
7 = 1.33, where j is extremely close to a natural profile, giving the
impression of an exact solution.
(b) The heating efficiency a has been varied between 1.5 (effective additional
heating) and 0.66 (effective radiation damping), see Fig. 1.2.
(c) Heat conduction has been switched on, in Fig. 1.3. For K < i70, the profiles
are still well approximated by the natural ones, while for K = lOr?o the deviation is substantial. The 'degradation' occurs both in j and p.
(d) For additional heating, the P(r) > t])2 profiles become, in general, strongly
non-natural. However, there seems to exist a (constant) K which minimizes
the deviation.
In conclusion, we have presented a transport model, which within a broad
range of transport parameters yields current distributions there are very similar
to the natural profiles obtained from a variational principle [1 ]. The relationship
between the latter and the present transport model is not apparent. Whether the
observed agreement is a special feature of this model or only due to enhanced
convection is an open question. The actual presence of strong convection in
tokamak plasmas has become evident by the distinct variations of p, T and
even p on magnetic surfaces observed recently in several experiments.

452

BISKAMP et al.
ACKNOWLEDGEMENTS

The author appreciates valuable discussions with Dr. D. Pfirsch as well
as the assistance of Mrs. M. Walter in carrying through the numerical computations.

REFERENCES
[1]

[2]
[3]
[4]

BISKAMP, D., to appear in Comments Plasma Phys. Controll. Fusion.
(A similar result has been obtained by KADOMTSEV, B.B. and by
TSU, J.Y.andCHU, M.S.)
TAYLOR, J.B., Phys. Rev. Lett. 33 (1974) 1139.
MONTGOMERY, D., TURNER, L., VAHALA, G., J. Plasma Phys. 21 (1979) 239.
BISKAMP, D., Phys. Fluids 29 (1986) 1520.

2.

ENTROPY PRINCIPLE FOR TOKAMAK PROFILES2

It is shown below that experimental temperature and density profiles
are consistent with the assumption that they relax towards profiles related by

T(3T)

I

l

/ /
no\\
expla U-—=?-I 1
\ \
n(x)//

(2.1)

V n0
Here, y = 5/3 is the adiabatic constant, and a > —(7 — O n ^ / n o is independent of
x ; in most cases, one has n ^ = 0. Cases of incomplete relaxation are exceptions,
e.g. pellet injection in which the temperature profiles are too flat compared with
the corresponding density profiles.
Relation (2.1) follows from the entropy principle proposed here. According
to it, tokamak plasmas should relax towards states described by relations
T = T(n(x)), in which the total entropy S of the plasma does not change when
the plasma performs arbitrary internal motions slow enough so as not to alter
the relation between T and n. Incomplete relaxation occurs if such motions
are too slow to be able to compete with influences such as those of strong local
heating or large radiation losses. Accordingly, Eq. (2.1) is obtained from

2
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6S= — ^
7-1

/ d3x 8n{x)~
J

=0

In

(2.2)

plasma

(2.3)

5n(x) = -

with the displacement £(>?) of the plasma vanishing at the boundary, but else
being arbitrary; S o is the entropy constant, a = 1 corresponds approximately
to the profiles obtained by Biskamp [1] and Kadomtsev [2] from the foregoing
energy principle on the assumption that the electrical conductivity is given by
Spitzer's law, a = const-T(x) 3 / 2 . To achieve agreement with the experimental
profiles considered, however, a-values ranging from 0 to 3 are required.
Figures 2.1 (a) and (b) present a comparison of experimental temperature
versus density plots from ASDEX and ALCATOR A, with T(n) as obtained
from Eq. (2.1). An appropriate value of a is given for each discharge.
Tokamak equilibria can usually be described in terms of two arbitrary
functions of the poloidal flux \p. For resistive plasmas where Spitzer's formula
holds one can choose the temperature and the density as these functions.
Equation (2.1) reduces this freedom to the free choice of one function, say T(\p),
and of a special value of the parameter a. This is a feature that might be related
to what is called 'profile consistency' [3],

1.0

T/T,

T/T.

Asdex [4]

a = 0.23

FIG. 2.1. Comparison of experimental temperature versus density plots from ASDEX (a)
and ALCATOR A (bj, with T(n) as obtained from Eq. (2.1).
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(a)
a = 0.01

10

FIG. 2.2. Examples for cylindrical plasmas with circular cross-sections:
(aJa = 0.01;(b)a = l.

V2Q/3-

a

a

FIG. 2.3. Density (a) and temperature (b) profiles.

Figures 2.2(a) and (b) show examples for cylindrical plasmas with circular
cross-sections, jfip = 1, Bt > B p and j t a T 3 / 2 . The dotted curves are the temperature profiles obtained from Coppi's formula [3] with the safety factor ratios
replaced by corresponding exact constants, Q.
Taking Coppi's formula and our relation (2.1) as independent of each
other leads to density and temperature profiles given by Eq. (2.1), and
2

AV

-Q(-

/n\1/5/

=( —)

/no

\

(«{—n-

n
—
n0

(2.4)

3 \a/
\n 0 /
They are completely determined by the two parameters a and Q; examples are
shown in Figs 2.2 and 2.3.
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Abstract
PELLET FUELLING OF JET PLASMAS DURING OHMIC, ICRF AND NBI HEATING.
Pellet telling experiments have been performed on JET using a single-shot pneumatic injector
giving 4.6 mm (4.5 x 1021 D atoms) and 3.6 mm (2.2 x 1021 D atoms) diameter cylindrical
deuterium pellets with velocity 0.8 < V(km-s~') £ 1.2. Zeff < 1.5 with nD/n,, — 1 on axis has been
achieved. In configurations with a magnetic separatrix, peaked electron density profiles with
n,. (0)/ne ~ 2 are obtained, with n, (0) = 1.2 X 1020 m~ 3 and T e (0) ~ 1 keV. Separately a high
value of nD (0)rETi = 1.3 x 1020 m" 3 -s-keV at T, (0) = 6.5 keV has been obtained with pellet
fuelling followed by NBI heating.

1.

INTRODUCTION

The main objectives of pellet injection experiments on JET
are (i) to explore if pellet fueling gives access to regimes of
higher plasma density, increased plasma purity, improved
confinement characteristics, and improved ICRF and NBI heating,
(ii) to diagnose plasma behaviour, and to model the measured
response in order to develop predictive methods.
The experiments were performed in different configurations,
with plasmas limited by (i) the carbon-tile-protected inner
wall, (ii) the outer carbon limiters, and (iii) a magnetic
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-#3506

n e 10 19 m~ 3

T e (0) keV

P

RAD

PELLET 5°
HtLLLI

MW

6°
T I H E (s)

FIG. 1. B$ = 2.1 T, 1$ = 3 MA, Ohmic heated plasma in deuterium, with 3.6 mm pellet injected at
47 s. The small increase in 1$ at pellet injection is pre-programmed to provide additional power. This
feature is not essential.

separatrix formed during single-null x-point operation. Both
ICRF and NBI heating power were applied to the plasma, during
and after pellet injection. The plasma parameters were: major
radius R-3m, minor radius a~1.2m, elongation k~1.H and 2.15B.(T)
with target plasma density 0.65^(10'9 m~3)S3
and peak electron temperature 2.3ST e (keV)^6. The ;otal electron
content of the target plasmas was 0.6SN e (10 2 l )£3. Immediately
e
j
y
21
e
after pellet injection
this increased
21 by ANe=3.2(±0.3)x10
pellet)
and
AN
=1.8(±0.2)x10
(3.6mm
pellet),
represente
(^S
)
()
6
ing 71 % and 82? of the pellet mass,respectively. Most of the
pellet mass was deposited at 0.25^r/a^0.5, with some pellets
penetrating to within 0.1m of the axis. We present here a
survey of the major findings. Fig.1 shows the temporal evolution of a typical pellet fueled limiter discharge with OH alone.
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FIG. 2. TP and (I-R) for limiter plasmas.
O and A refer to gas fueled discharges, •
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and A to pellet fueled ones.

PLASMA EDGE BEHAVIOUR AND DENSITY LIMIT

Flux of deuterium at the plasma edge, its recycling and
confinement properties have been studied before for gas fueled
JET plasmas [1,2], Outer limiter discharges fueled by a 3.6mm
pellet show a large reduction in the influx of deuterium compared to a gas fueled plasma of the same electron density. The
global particle confinement time T p is thus larger in pellet
fueled plasmas, as shown in fig.2. The particle recycling
behaviour is also markedly different. Fig.2 also shows (1-R)
plotted against n e , R is the recycling coefficient measured 1s
after pellet injection. Whereas for gas fueled cases (1-R)£0,
with pellets (1-R)>0 for several seconds after injection. This
corresponds to a net removal of particles from the system, a
pellet induced pumping.
Reduction is also observed in impurity influxes at the plasma
edge following pellet injection. However, both the ratio of
impurity to deuterium fluxes, and the bolometrically measured
total radiated power normalized to the square of the electron
density do not show any marked deviation from the behaviour of
gas fueled plasmas. Thus pellet injection effects a reduction
of I^ff b v reducing the influx of all species, and by diluting
the impurities already present. Zeff<1.5 have been obtained in
limiter plasmas (see fig.2 of [3]). The values are derived from
bremsstrahlung measurements taken 0.5s after pellet injection.
Eventually, on a time-scale of =-4s, recycling establishes the
higher Zeff concomitant with edge fueling.

460

GONDHALEKAR et al.

The favourable edge behaviour also helps in accessing higher
plasma density (see fig.3 of [3])- Both 4.6mm and 3.6mm pellets
have been used to probe the limit. The largest increase, by
nearly a factor of two above the OH high-density limit in
deuterium, was obtained with the 4.6mm pellets at q CV 2=3-6. The
high-density limit in JET is discussed in [4] in terms of column
contraction when the power radiated outside the q,L=2 surface
exceeds the input power. With pellet fueling higher n Q can be
achieved for a given n e (q>2).

3.

DENSITY DEPLETION AND WALL PUMPING OF THE PELLET FUELED
INNER WALL PLASMAS

Gas fueled plasmas placed against the large-area carbon tiles
on the inner wall are characterised by a decay of the electron
density with a 1s time constant. Increased wall pumping is
evident in the post-pellet phase of the plasma. This is an
important feature for multiple pellet injection strategies.
Pellet fueled inner wall (PFIW) discharges have shown two
distinct modes of density behaviour, fig.3. Some show smooth
decay in which the volume averaged electron density <ne> does
not return to its pre-pellet value, eg.#9226. This behaviour is
similar to that for OH gas fueled inner-wall discharges. In
most PFIW plasmas, <ne> returns to its pre-pellet value in a
'scallop-like1 fashion of -200ms period, eg.#9238.
The decrease of <n e >, whether slow or rapid, depends on transport of plasma ions to material surfaces and then absorption of
these ions by the surfaces. The plasma transport process is
clearly different in the two modes of behaviour for the PFIW
discharges. The scallop-like density decay is synchronous with
minor disruptions at the q=2 surface, at R~3.85m, as determined
from the magnetics data. A simultaneous decrease in T e occurs
at R~3.8m(q<2), whereas spikes of ATe~100eV occur at R-4.1m(q>2)
(eg.#9238 at t=50.2, 50.4 and 50.6sec, for pellet injection at
50s). This same behaviour is shown also in soft x-ray emissions. Interferometry shows a concurrent density increase at
large radii. The rise in both n § (a) and T e (a) increases the
flux of deuterium to the carbon inner wall tiles. Thus minor
disruptions give rise to rapid transport of plasma from
r=(a-40cm) to r=a. At the edge the particles acquire higher
energy due to increased sheath potential, enabling deeper
penetration into the wall and thus stronger pumping. During the
temperature spikes the D a emission from the inner wall tiles
decreases by a factor of four, showing reduced recycling. Discharges with a smooth decay of <ne> (eg.#9226) do not exhibit
such behaviour.
The ability of the 20m2 of inner wall carbon tiles to absorb
all the deuterium which impinges on it, throughout as many as 20
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n e > 10 1 9 nf 3

1,0
0,8

Second harmonic
ECE
Te(R=3.8m) keV,

0.6
#9238
0.H

TIME (s)
FIG. 3. The two modes of density decay for inner-wall plasmas: (a) slow and smooth as in #9226
(b) rapid as in #9238, with mini disruptions atq = 2 and corresponding temperature spikes at the edge.

successive discharges with pellet fueling, is not explicable in
terms of the Local Mixing Model [5] of deuterium trapping in
graphite. Studies to clarify this are in progress.
k. A PELLET INDUCED OSCILLATION AT THE q=1 SURFACE
Soft x-ray imaging arrays have revealed the presence of a
unique phenomenon, the 'snaker oscillation, fig.1*. It
frequently appears when a pellet is injected, and manifests
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(a)

SAWTOOTH
'SNAKE' STOPS
ROTATING
FIG. 4. (a) Plot of line integrated soft X-ray fluxes showing the 'snake' oscillation after pellet injection.
(b) Tomographic reconstruction showing contours of equal emissivity, and localization of the 'snake'.
(c) Plot as in (a), showing a 'snake' that has stopped rotating and survives a sawtooth crash.

itself as a small region of enhanced x-ray emissivity with a
m=1/n=1 helical symmetry at the q=1 radius. Analysis has shown
that this increased emission is due to a density increase in the
'snake', by up to a factor of two, above the background density,
as well as a drop of -20% in T e compared to the surrounding
plasma. In contrast to the short-lived m=1/n=1 perturbation
rotating in the electron diamagnetic direction observed
previously [6], the 'snake' in JET lasts for many hundreds of
milliseconds and occasionally up to -1.5s, it rotates at varying
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frequencies in the ion diamagnetic direction, it sometimes comes
to a complete standstill and then resumes rotation. Sawtooth
disruptions occur during this activity, without dissipating the
1
snake'.
One plausible hypothesis for the 'snake' is that, an m=1/n=1
magnetic island is created by the high density ablation cloud
from the pellet as it crosses the q=1 surface. This island then
traps the excess density, forming the helical 'snake'. If this
hypothesis is correct, the radial location of the 'snake' is an
accurate indicator of the radius at which q=1. We thus infer
that the q=1 region expands by 35% during the sawtooth ramp.
5.

ELECTRON DENSITY PROFILES AND RELATED TRANSPORT

Immediately after pellet injection, the electron density
profile is hollow (dne/dr>0). ru(r) recovers to a centrally
peaked shape in ~200ms. The evolution towards a peaked profile
is discontinuous when sawteeth occur. An analysis of profile
evolution of pellet fueled plasmas using a model of electron
particle flux r = -DVne+Vne indicates that the diffusion
coefficient D(r; and convection velocity V(r) fall in with those
for gas fueled ones [7,2], which showed a large scatter, but no
dependence on n e , 1^, Bx or heating mode. Analyses of indi^
vidual pellet injection cases show that in the outer limiter
configuration, V/D increases from ^0.2aTl before pellet
injection to -O.^nT1 immediately after, reverting to -0.2m"1
1.5s later, as evidenced by the more peaked density profile
after pellet injection, which subsequently returns to its
original form. In the singles-null x~point configurations, V/D
increases from '0.3m'1 before pellet injection to ^O.Srrr1 after,
giving a very peaked density profile that is maintained for a
long time. Eventually V/D decreases to -O.iJnT1.

6.

PELLET ABLATION MODELLING

Accurate determinations of penetration of the pellet into the
plasma and ablation rate are made using a combination of a soft
x-ray camera and D a detectors viewing the pellet trajectory. As
shown in fig.5, the penetration of the pellet into the plasma
for all the data considered is successfully modelled with a
neutral gas shielding model, modified to include attenuation of
the electron heat flux by a cold ionized plasma surrounding the
neutral gas [8]. Also included are a multi-group treatment of
the incident electrons, plus self-limiting ablation in the
collisionless plasma limit. With present heating power levels,
the pellets traverse regions with fast ion density 11^=3x1018nT3
for NBI heating, and n fi <10 l8 nT 3 for ICRF heating. No
additional ablation processes associated with such a fast ion
population during ICRF or NBI heating have yet been identified.
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FIG. 5. Comparison between measured penetration, A (cm) - expt, and calculated one,
A(cm) — calc. The data set includes 4.6 mm and 3.6 mm pellets, with OH, OH + ICRF heating as
pKRF <, 4.6 MW, and OH + NBI heating at PNB, < 4 MW.

7.

ICRF HEATING OF PELLET FUELED PLASMAS

An important limitation of ICRF heating in JET is the
uncontrolled density increase during the RF pulse. Influx of all
neutral species from the limiters and wall increases roughly in
proportion to the applied power, and Z e f f and the ratio Prod/Pin
remain nearly constant. As a result the density limit during
ICRF heating is at most 10$ higher than the corresponding value
for ohmic heating alone. We have probed this limitation by
applying ICRF heating immediately after pellet injection. We
have observed that the initial density increase effected by
pellet injection can be maintained with ICRF heating and the
high-density limit for OH+ICRF heating can be extended. Both
4.6mm and 3.6mm pellets have been used. The resulting increases
in temperature, for both electrons and ions, in the 3He minority
heating mode are consistently slightly larger than values
obtained with gas fueling under similar plasma conditions and
for the same normalized ICRF power. Our future work with
multiple pellet injection will further explore and optimize ICRF
heating of a densified plasma core.
8.

SUMMARY

Deuterium pellets have been injected into plasmas with OH,
OH+ICRF and OH+NBI heating. Plasmas with different magnetic
configurations were probed. It is shown that pellet fueling

IAEA-CN-47/I-I-6

465

gives access to regimes of higher plasma density and increased
plasma purity by modification of edge behaviour. Also, pellet
injection modifies the electron density transport in the bulk
plasma, most markedly in the single-null x-point configuration,
giving very peaked density profiles. These effects persist for
several seconds. Careful modelling of pellet ablation and
penetration measurements has been performed. At present levels
of auxiliary heating power, no additional ablation processes
associated with application of ICRF or NBI power have been
identified. A 'snake' oscillation characterized by an island of
dense cooler plasma at the q=1 radius is observed. Its small
dimensions (Alr=15cm, AlQ=25cm) and long lifetime (T=0.2-»1 ,5S)
imply greatly reduced energy and particle diffusion compared to
the surrounding plasma.
A critical issue is whether profiles obtained with pellet
injection have better confinement properties than those produced
by gas fueling [9,10,11,12], With single pellet injection in
JET the behaviour of energy confinement is unclear. In the
transient period immediately after injection of a pellet, the
confinement time is much larger than the corresponding value
with gas fueling, as observed in other experiments employing
single pellet injection. However, the duration of the period of
apparent improved confinement is shorter than xE. The
significance of this observation is being investigated. An aim
of our future work with multiple pellet injection will be to
explore the feasibility of effecting a sustained improvement in
confinement properties.
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Abstract
FIRST EXPERIMENTS ON THE GASDYNAMIC TRAP.
The paper describes an experimental device called "gasdynamic trap" and reports the results of
the first experiments on it. The gasdynamic trap is a mirror machine with a spacing of 7 m between
the mirrors, minimum magnetic field of 0.2 T and a mirror ratio varying between 25 and 80. The
preliminary plasma generated in the gas discharge source is injected into the trap through one of the
magnetic mirrors. The plasma is then heated by the injection of six atomic hydrogen beams with a total
power of 5 MW, an atom energy of 20 keV and a pulse duration of 0.25 ms. In the different operating
regimes of the plasma source, the trap could be filled with plasma at densities from 5 X 1012 cm"3 to
10' 4 cm"3 and temperatures in the range from 3 eV to 30 eV. The plasma filling dynamics of the trap
are in good agreement with gasdynamic evaluations. During filling the plasma in the trap is MHD stable,
regardless of the shape of the field lines in the expanders. This indicates the presence of stabilization
of the plasma at the ends, which is ensured by the high electrical conductivity of the plasma in the
source. After the source is switched off, the plasma MHD stability becomes sensitive to the shape of
the field lines in the expanders. In particular, the plasma decay time in the trap is greater when the field
lines in the expander have a favourable curvature than when the curvature is unfavourable.

1.

INTRODUCTION

The gasdynamic or GD trap [1,2] is an axisymmetric mirror machine with a
very large mirror ratio and a length exceeding the effective free path of the ions in
relation to scattering into the loss cone.
An important advantage of the GD trap is that the rate of longitudinal losses
from it is totally insensitive to microfluctuations which may occur in the plasma,
i.e. to an effect which represents a serious danger for many other types of open trap.
Another advantage is that MHD stability of the plasma in the GD trap can be
ensured within an axisymmetric magnetic configuration [1,2]. This is due to the fact
that in the GD trap the plasma beyond the mirror, which is situated in a region of
favourable curvature of the lines of force and exerts a stabilizing influence on the
system as a whole, has a relatively high density (for more details see Ref. [3]).
467
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7000
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5 4

Fig. 1. Schematic diagram of device:
1 - Central vacuum chamber; 2 - Coils of solenoid part of magnetic system; 3 - Internal mirror coils
for 110 kG; 4 - Coils determining magnetic field geometry in the expanders; 5 - Plasma absorbers;
6 - Plasma source; 7 - Atomic beam injectors; 8 - Expander vacuum chambers.

The prospects of the GD trap as a fusion reactor are discussed in Refs [1,2,
4-6]. The key element and the most complex one in such a reactor is the mirror coil,
which has to generate a magnetic field of several hundred kilogauss. What makes it
somewhat simpler to solve this problem is that such a strong field is required in a
volume with a diameter of only 10 cm and a length of 10-20 cm. The length of a
reactor based on the GD trap would be fairly large (1 km), but it should be borne
in mind that all of it would be occupied by a simple axisymmetric solenoid with a
field of only 15 kG.
The GD trap also offers interesting possibilities as a neutron source for
materials research [6]: oblique injection of 10-20 MW of fast 240 keV tritons into
a relatively cold deuterium plasma can give a neutron flux of the order of
3 MW-m~ 2 (at the plasma surface).
A prototype device of this kind has been built at the Novosibirsk Nuclear
Physics Institute in order to study the physics of GD traps. Section 2 gives a general
description of the machine and of experiments that can be performed on it. Section 3
discusses the problem of plasma MHD stability in the device. Lastly, Section 4
describes the results of the first experiments with the preliminary plasma, which confirm the stabilizing effect of the expanders.

2.

EXPERIMENTAL DEVICE

In choosing a design for the device, our aim was, first, that it should be suitable
for the widest possible spectrum of physical experiments and, second, that it should
be as simple as possible to make. In view of this approach, the machine was designed
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Fig. 2. Magnetic field on trap axis:
1 - Magnetic field distribution when the trap is being filled by one plasma source; 2 - Magnetic field
distribution at the plasma confinement stage.

not to obtain a quasi steady state plasma but to perform experiments with a decaying
plasma. As a result we can substantially reduce the requirements for the vacuum
system (the quantity of gas entering the chamber per pulse is small), the magnetic
field generation system (condenser batteries can be used as energy sources; forced
coil cooling is not necessary) and the injection system. A schematic diagram of the
device is shown in Fig. 1.
The experiment scenario consists of the following sequence of plasma preparation, heating and decay processes. A relatively cold (~ 10 eV) preliminary plasma
is injected into the device from plasma guns located in the expanders (Fig. 1). The
magnetic field in the mirrors is somewhat weakened during the operation of the guns.
After the plasma density in the traps has attained the necessary magnitude of
~10 1 4 cm' 3 , the guns are switched off and the field in the mirrors increases
(i.e. the mirrors 'close'). Figure 2 shows the magnetic field on the trap axis at the
stage when the trap is being filled with plasma and at the stage of plasma decay. After
the guns are switched off, the plasma located in the expander region flows rapidly
to the ends in a time Ttexpailder ~ Lexpander VM/f e . The time of outflow of the cold
plasma from the trap is much greater: 7piasma = (LR/a) VM/(2TTT) ^ Tafmia.
After the plasma has flowed from the expanders to the ends, pulsed atomic hydrogen
beams are injected into the trap from six START injectors [7]. The beams are
injected at an angle of 45° to the axis of the device in order to increase the power
contained in the plasma. It is thus possible during an injection pulse of 0.25 ms to
inject an energy of 1.5 kJ into the plasma in the form of 20 keV fast protons. The
fast protons are slowed down in the plasma, transmitting their energy mainly to electrons, in a time [8]:
3MT 3/2
8 V2TT e4XVm n
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TABLE I. PARAMETERS OF THE DEVICES
Spacing between mirrors (m)

7

Expander length (m)

1.8

Maximum magnetic field in the mirrors (kG)

160

Maximum magnetic field in the solenoid (kG)

2.2

Magnetic field pulse duration in the mirrors (ms)

10

Magnetic field pulse duration in the solenoids (ms)

100

Energy of injected atoms (keV)

20

Equivalent current of six atomic beams (A)

350

Duration of injection (ms)

0.25

The electrons, in their turn, heat the plasma ions through collisions. The time of
equalization, T% of the electron and ion temperatures approximately coincides with
Tb- In the case of a plasma having a density of n = 1014 cm"3 and a temperature of
Tj = Te = 100 eV, 7f = if; = 2 x 10"4 s. The time of outflow of the plasma
heated to 100 eV from the trap is much greater, amounting to several milliseconds.
Table I gives the basic parameters of the device.
Temperature T, density n and plasma radius a can be varied over a wide range.
The magnetic field in the homogeneous sector can be reduced by half. Since all these
changes can be made independently of each other, the basic dimensionless parameters
of the system,

can also be varied over a wide range. The possible variants of the plasma parameters
are given in Table II.
Apart from the notations introduced earlier, we give in Table II the lifetime of
the plasma in the case of anomalous diffusion across the magnetic field over a
distance of the same order as the plasma radius a with a diffusion coefficient equal
to the Bohm coefficient. This time is governed by the relation
16 eHa2

cT
The mirror ratio can be changed by varying the magnetic field in the main part of
the trap and the plasma density by varying the energy injected into the gas discharge
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TABLE II. EXPECTED PLASMA PARAMETERS
Variant
Plasma parameters
1
T(eV)
n ( x 10 13 cm~ 3 )
Ho*, (kOe)

100

100

4

4

2.2

3

2

1.1

4

100

100

10

10

2.2

1.1

Ryac

72

120

72

120

a (cm)

11

15

11

10

N

14

9

13

4

0.07
Vpiasma

flitres)

r* (ms)

140
0.8

0.26
280
0.8

0.15
140

0.5
140

0.3

0.3

Tplasma ( m s )

3.2

6.2

3.5

7.5

TB (ms)

0.425

0.4

0.425

0.176

in the plasma guns. The plasma radius can be controlled by changing the current in
the pulse solenoids which generate the magnetic field in the guns at the stage when
the trap is being filled with plasma.
Open traps (including the gasdynamic trap) differ from other magnetic confinement systems in having a relatively small value of the parameter N (in an open trap
reactor N = 10 to 30 and in a tokamak reactor N = 150 to 200); moreover, most
open trap designs include a long (L = (100 to 500)a) homogeneous magnetic field
sector. Both these features can strongly affect the excitation of drift instabilities
which cause transverse plasma transport. The gasdynamic trap model offers favourable opportunities for the study of anomalous transport in a system with N ~ 15 and
L/a — 50 under conditions not masked by the lack of axial symmetry of the system.
Firstly, since the model allows N to be varied easily in the range from 10 to 30, it
is possible to cross the threshold for the excitation of high frequency drift instabilities
(N « 20, see Ref. [9]). Secondly, the value of L/a S 50 is quite sufficient for low
frequency drift instabilities to appear fully. Thirdly, the model enables us to
investigate a range of 0 values from 0 to 0.4, which is quite sufficient to reveal the
possible role of the finite plasma pressure in stabilizing drift instabilities. Fourthly,
reducing the temperature to 40-50 eV and increasing N to 30-40 will make it possible to study the influence of collisions on low frequency drift instabilities.
The microinstabilities caused by sloshing ions can also be studied at the neutral
injection stage.
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PLASMA MHD STABILITY

The plasma fills only the near axial region in the trap. In this case, the frequency
(growth rate) of flute perturbations can be determined by the formula [3]

where pi and p± are the longitudinal pressure and the transverse pressure of the
plasma, p is plasma density, v the flow velocity along the magnetic field, r = r0
VB~/B(z) the distance from the axis to the field line which in the trap equatorial
plane passes at a distance r0 from the axis and B ^ the magnetic field in the trap
equatorial plane, the values of p, pt, p± and v being taken on the field line passing
through point r0.
After the fast ions have been slowed down and have transmitted their energy
to the plasma, the plasma pressure becomes isotropic, pi + p± = 2p. The plasma
flow velocity in the inner part of the trap is small (apart from the regions near the
mirrors, which make only a small contribution to Eq. (1)) so that the integral, over
the inner part of the trap in the numerator of expression (1), is equal to

-Hi)'Mi)-(the integration is performed between the mirrors, and the pressure in this region is
considered to be homogeneous). For radially decreasing plasma pressure the integral
sign corresponds to instability.
To reduce the destabilizing contribution of the central part of the mirror
machine, we have to minimize the integral in expression (2). It can be shown that
the optimum profile of the field lines between the mirrors is defined by the relation

(3)

where R > 1 is the mirror ratio, L the spacing between the mirrors and the coordinate z starts from the trap equatorial plane. The necessary calculations can be
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found in Ref. [10]. In the design of the device, the position of the coils and the
currents in them were chosen to bring the field lines as close as possible to the profile
in Eq. (3).
The system is stabilized by creating a favourable curvature for the field lines
in the expanders. With a view to enhancing this effect, the expanders are provided
with special coils (4 in Fig. 1), in which the current direction is opposite to that in
the other coils. This has resulted in a situation where the stabilizing contribution of
the expanders is three times as great as the destabilizing contribution of the central
part of the device.
At the neutral injection stage, until the fast ions are slowed down in the plasma,
they can contribute substantially to the pressure, which will consequently be
anisotropic. Therefore, the contribution of the central part of the trap to the stability
integral is given by an integral of the form

(4)

where h refers to fast ions. As for the stabilizing contribution of the expander, this
is associated with the cold plasma stream flowing out from the expander and is
roughly proportional to the pressure of the main plasma inside the trap. At the initial
instants of injection, when the electron temperature is low, the slowing-down time
of the fast particles is also small — and consequently their pressure is small. For this
reason, only the pressure of the main plasma p contributes to the integral in (4), and
the destabilizing contribution of the central part of the trap continues to be smaller
by a factor of three than the stabilizing contribution of the expanders. However, by
the end of the injection pulse the relative magnitude of the pressure of the hot component increases, so that the integral in (4) also increases relative to the stability integral
for the expanders. Estimates show that the stabilization is maintained also in this
case, although the safety factor is now small. The actual situation will depend on the
detailed fast neutral capture conditions.
If it is found that at the final instants of the injection pulse the system is going
to become unstable, there are two ways of remedying the situation. The first is to
increase the injection pulse duration by non-simultaneous switching on of the six
injectors, which reduces the relative fast particle contribution to pressure. The second
method is to make certain readjustments of the magnetic configuration of the system
near the fast particle stopping points in order to create a favourable curvature of the
field lines in this region [11, 12].
In concluding this section, let us note that the angular velocity of the fast ion
magnetic drift in our case is smaller than the characteristic flute oscillation frequency
estimated by formula (1). This demonstrates that a hydrodynamic description of the
plasma is possible. Furthermore, the effects of the finite Larmor radius of the hot
component are already substantial, and this should increase the stability of the higher
modes.
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t (ms)

Fig. 3. Plasma density at the trap centre as a Junction of time for different field line geometries in the
expanders (see Fig. 4). The time is reckoned from the instant when plasma filling of the trap is
completed.

4.

RESULTS OF THE FIRST EXPERIMENTS

The filling of the trap with hot plasma was carried out in different configurations of the expander magnetic field for a constant magnetic field in the trap with a
mirror ratio of R = 25 and a minimum magnetic field of 1.5 kG. In the first filling
regime the magnetic flux, corresponding to a diameter of 20 cm at the trap centre,
was limited at the plasma source anode outlet (4 cm in diameter) by switching on the
pulse solenoid of the source. In this regime, the field lines in the expander where the
source was located had the shape shown schematically by curve 1 in Fig. 4, forming
an additional mirror machine with a spacing of 0.7 m between the mirrors and a
mirror ratio of 20-40. In this magnetic field configuration, by the end of the
discharge current pulse in the plasma source — which had a duration of 4 ms —, a
plasma accumulated in the trap having the density profile shown in Fig. 5 (curve 1)
with a maximum density of 1014 cm"3 and a temperature of T ~ 10 eV. In the
second regime, the pulse solenoid of the source was not switched on. Here the shape
of the field lines in the expanders corresponded qualitatively to curves 2 and 3 in
Fig. 4, depending on the current direction in the expander coils, while the magnitude
of the magnetic field at the source was about a tenth of that at the trap centre.
Nevertheless, in this case too, towards the end of the discharge current pulse, a wide
radial profile was seen for the plasma in the trap (curve 2 in Fig. 5); however, the
plasma density and temperature were lower than in the regime with the solenoid
switched on — n = 1 x 1013 cm" 3 at maximum for a temperature of T = 5 eV.

IAEA-CN-47/I-I-7

475

Fig. 4. Field line geometry in the expanders:
1 - With plasma source solenoid switched on; 2 - with plasma source solenoid switched off and coils
on the expander volumes 'co-switched on' (see Fig. 1) with the coils of the solenoid part of the magnetic
system; 3 - with the expander coils 'counter-switched on'.

By changing the current direction in the expander coils, it was possible to
change the curvature of the field lines in the expander regions remote from the
mirrors. This involved virtually no change of the magnetic field in the central part
of the trap; the only thing that changed was the stabilizing contribution of the
expanders to the MHD stability of the plasma, from near zero (curve 2, Fig. 4) to
the maximum favourable contribution (curve 3, Fig. 4).
In both regimes of trap filling, the plasma density in the trap increases monotonically over the entire period of operation of the source.
The absence of fast transverse losses, in spite of the presence of an MHD
unstable configuration in the first regime (a 'steep' mirror machine between the gun
and the mirror), indicates MHD stabilization at the ends brought about by the high
transverse electrical conductivity of the plasma in the source. After the source has
been switched off, the MHD stability of the plasma becomes sensitive to the shape
of the field lines in the expanders. Figure 2 shows experimental dependences of
plasma density in the trap on time, determined from the attenuation of the probing
atomic beam. Similar dependences are detected by the Langmuir probes and by the
sensors recording the end beams of ions passing through the mirrors to the expander.
In the case where the curvature of the field lines in the expanders is not favourable,
regardless of how the unfavourable curvature is created (by switching on the source
solenoid or by switching over the current in the expander coils), the plasma decay
time in the trap is substantially smaller than in the case where the curvature of the
field lines is favourable (with the source solenoid not switched on). In the MHD
stable magnetic field configuration, the plasma decay time is close to that estimated
from longitudinal plasma losses in the regime of gasdynamic plasma outflow through
the mirrors. In the MHD unstable configuration, the plasma decay time is several
multiples of the longitudinal time-of-flight of ions through the trap, so that the probes
located in the trap at different distances from the mirrors and the sensors recording
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Fig. 5. Plasma density distribution over the radius in the central part of the trap:
1 - When the trap is filled with the plasma source solenoid switched on; 2 - When the trap is filled
without the source solenoid; the geometry of the magnetic field in the expanders corresponds to curve 3
in Fig. 4.

end losses of ions show flute-type plasma density perturbations. The above
experimental results as a whole confirm our ideas regarding the mechanism of MHD
stabilization of plasma in a gasdynamic trap.
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1.

INTRODUCTION

There have been many important advances in tokamak research since the
1984 Conference. A number of new devices have been brought into full operation, ranging from JT-60 (an advanced large tokamak from Japan — a country
with a well established and mature fusion programme) to HL-1 (a medium sized
tokamak from China - a country whose fusion programme has recently embarked
on a considerable expansion). Our Chinese colleagues are to be congratulated on
having achieved full Ohmic tokamak operation with all the usual features and on
providing a useful plasma for future research.
The tokamak has always been an enchanted system. Through the years it
has proceeded from success to success despite the ineptness of experimentalists
and in spite of the cleverness of theoreticians. The secret of this success may be
that, so far, fate alone has had control of the current density distribution; in the
tokamak, it is this current density distribution which controls the magnetic shear,
the stability properties and indeed the form of the magnetic configuration itself.
Many physicists now believe that further advances depend upon securing
external control of this vital feature, in being able to impose a current density
profile rather than having to accept the one given by inductive current drive and
ill defined wall boundary conditions. The obvious approach is to replace at
least some of the plasma current by non-inductively driven current. The difficulty
here is that the available methods are rather inefficient.
One of the most important results achieved on JT-60 is the demonstration of
lower hybrid current drive on a large tokamak system. This is the first demonstration on a large tokamak and our Japanese colleagues are to be congratulated on
having achieved significant results with 1.2 MW of lower hybrid power at 2 GHz,
driving up to 1.5 MA of current, with substantial current drive observed at mean
densities of up to 2 X 1019 m~3. An important, hoped for, benefit of operation
in a large tokamak configuration is improved current drive efficiency. On JT-60,
a synergetic effect of neutral beam heating on lower hybrid current drive has
been observed and in this configuration 0.7 MA of non-Ohmic current has been
* This summary talk was also published in Nucl. Fusion 27 (1987) 481.
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TABLE I. JT-60 LOWER HYBRID CURRENT DRIVE
Frequency

2 GHz

Lower hybrid power

Up to 1.2 MW

Driven current

Up to 1.5 MA

Plasma density

Up to 2 X 1019 rrf3

Efficiency,
driven-"VR

Up to 1.7 A-m"2-W"' (no beams)
Up to 2.8 A-m~2-W~' (with beams)

P

obtained, driven by 0.7 MW of lower hybrid power in the presence of 7 MW of
beam heating (see Table I). This gives a figure of merit I- ne • R / P L H °f
2.8 X 1019 A-m" 2 -W" J , which is about three times the value obtained in smaller
experiments.
These results will give increased impetus to Ohmic current replacement
experiments and we can expect new results in time for the 1988 Conference.

2.

SAWTOOTH BEHAVIOUR

Let us now look at some of the benefits which might come from
establishing control over the current density profile. The most impressive
results to date concern the internal disruption relaxation - the 'sawtooth
oscillation'. This form of instability has been a feature of tokamak operation
since the very first experiments were carried out in the USSR in the late 1950s
and early 1960s. Only very recently have cases been reported where this
oscillation is stabilized for long periods.
Figure 1 shows an example of spontaneous sawtooth stabilization in JET.
It is spontaneous in the sense that, while there is a well defined recipe for its
production, there is no control of a directly relevant physical quantity (for
instance, current density distribution). The diagram shows the electron temperature profile at a number of times, indicated in the insert, during a pulse exhibiting
sawtooth behaviour. Also shown is a profile obtained during the Ohmic phase of
the same discharge, when the sawtooth amplitude is very small. During the
normal sawtooth behaviour with neutral beam heating only, the flat profile at
the bottom of the sawtooth is about 0.5 keV higher than the Ohmic profile.
At the top of the sawtooth the profile becomes much more peaked and the
central temperature exceeds the Ohmic value by 1.5 keV. The application of
ion cyclotron heating (ICH) induces a stabilization of the sawtooth behaviour
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FIG. 1. Spontaneous stabilization of sawtooth oscillation in JET.

which lasts for 0.9 s (even longer in some cases). For the first 0.3 s of this
period the central electron temperature continues to increase, reaching 7.5 keV
(5 keV more than the Ohmic value).
The JET authors believe that the mechanism for the sawtooth behaviour is
associated with the existence of a very flat current density profile inside the
inversion radius. The application of non-Ohmic heating is supposed to broaden
the current profile very slightly, taking q 0 just above one to stabilize the mode.
There is evidence for this behaviour in that during the flat top of the 'monster
sawtooth' a very low level of MHD activity is observed, indicating that the
m = 1 mode is stabilized. Furthermore, at the sawtooth crash which terminates
the 'monster', the inversion radius has moved outwards, suggesting again that
j (r) has broadened.
However, Faraday rotation measurements on Textor appear to demonstrate
conclusively that there are at least some instances of sawtooth behaviour where
q on axis is and remains significantly below one. The sawtooth behaviour in
these discharges is clearly not amenable to an explanation based on small changes
of the axis q-value from one. This Jiilich group suggests that the sawtooth
behaviour is determined by the current density profile near the q = 1 surface
(which is typically in the steep part of the temperature profile, between centre
and edge). In extreme cases the flattening of the profile near q = 1 to stabilize
the m = 1 mode can actually be measured and the sawtooth relaxation is
supposed to hold the profile near this marginally stable condition. The Jiilich
group expects this process to lead to a universal current density j (r) profile in
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FIG. 2. Evidence of the bootstrap current in TFTR.

terms of a suitable combination of external quantities (i.e. j in units of BT//a0R>
and r in units of (<x0RI/B)^2). It has been shown by direct measurements that
this is true for a range of Ohmic profiles and for the few profiles which have
been measured in ICH discharges. These measurements would seem to provide,
at last, some of the direct evidence that is needed to guide the debate on profile
establishment and profile consistency in tokamak discharges.
Stabilization of the sawtooth mode by replacing some of the Ohmic
current by lower hybrid current drive has been reported in many experiments
(e.g. PETULA, ASDEX, PLT and ALCATOR). In PETULA and ALCATOR
the experiments extend to densities in excess of 1020 m~3. Also, it seems that
in these experiments a simple, small modification of the central current density
profile is not sufficient to explain the stabilization. Thus there are often regions
where an m = 1 oscillation remains (implying q < 1) and the inversion radius
does not change as the lower hybrid power is increased to the threshold for
stabilization.

3.

BOOTSTRAP CURRENT

A further twist to the argument as to who shall control the current density
profile is introduced by the firstclear evidence for neoclassical pressure driven
current, the 'bootstrap current', which was predicted 15 years ago by
R.J. Bickerton, J.W. Connor and J.B. Taylor. Now, a careful comparison of
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TABLE II. OPERATIONAL MEGAWATT LEVEL
HEATING SYSTEMS ON TOKAMAKS
Neutral beam injection
(NBI)
JT-60(20MW), TFTR(20MW),
JET(10MW),DIII-D(6MW),
ASDEX(4.4MW)
Ion cyclotron heating
(ICH)
JET (7 MW), PLT (4.5 MW),
ASDEX (2.6 MW), TEXTOR (2.5 M W )
Lower hybrid resonance heating
(LHRH)
ALCAT0RCU.5MW), JT-6O (1.2MW),
PLT (1 MW), ASDEX (1 MW),
PETULA (0.5 MW)
Electron cyclotron resonance heating
(ECRH)
T-10(2MW),TFR(0.6MW),
JFT-2M (0.2 MW), T-7 (0.4 MW),
CLEO(0.2MW)
Alfven wave heating
TCA(0.6MW)

the experimentally measured and the theoretically predicted loop voltages in
certain TFTR discharges gives a strong indication of the reality of this effect.
An example of such a discharge is shown in Fig. 2, where it should be noted
that about 40% of the current is driven by this neoclassical dynamo effect
while about 30% is driven ohmically and about 30% is driven by injected beams,
the latter contribution having been minimized by using balanced injection.

4.

PLASMA HEATING

Just as we may now be reaching the point at which the inherent tokamak
current profile is no longer adequate for our purpose, so we have already passed
the point at which the inherent tokamak heating mechanism can no longer
produce the required temperatures. For a number of years, many of the
resources of fusion research have been devoted to establishing and understanding
additional heating methods for the plasma. This work has come to full fruition

484

GIBSON

DIVERTOR

LIMITER

f

FIG. 3. Electron temperature heating in JT-60.
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FIG, 4. Production of high ion temperatures in TFTR.

at this Conference; a number of heating methods are routinely applied at the
multimegawatt level to many tokamaks (see Table II). These heating methods
have now reached such a level of success that the emphasis has changed from
understanding the heating to understanding the plasma behaviour. Examples
are the study of energy confinement using modulated ICH by the Belgian group
on Textor, and the use of ECH on T-10 and of ICH on JET as spatially localized
heat sources to probe the energy transport.
The heating methods have been very successful in increasing the plasma
temperature. Two examples of successful heating from the very many available
are shown in Figs 3 and 4. First, Fig. 3 shows neutral beam heating on JT-60
with and without divertor; note the successful heating in each case (ATe > 1 keV),
but note also the greatly reduced radiation loss and the reduced particle influx
(from H a ) in the divertor case. Second, Fig. 4 shows ion heating in TFTR by
neutral beams. Temperatures of 20 keV are reached, exceeding by a wide margin
the value necessary for fusion energy production.

5.

PLASMA-WALL INTERACTION AND IMPURITY CONTROL

One of the keys to obtaining high temperature, and indeed generally good
performance, in tokamaks is the production of pure plasmas, especially plasmas
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FIG. J. Tfte wse o/ wall carbidization for impurity control in JIPP THUand ASDEX.

in which the heavy ion impurity content is sufficiently low. This has proved
to be especially important in discharges with ICH where antenna interactions
(as demonstrated in JET) or power coupled to the wall (as in ASDEX) can
release metal impurities. One solution is to surround the plasma with a low-Z
environment. One technique, first developed at Jiilich and demonstrated to be
effective in JET, is carbidization where glow discharge is used to deposit a hard
carbon layer on walls and antenna screens. Two examples of the effectiveness
of the method are shown in Fig. 5. In JIPP TIIU this method is an essential
prelude to high power ICH operation, while the ASDEX results show that the
technique leads to substantial gains even in a divertor tokamak.
An alternative technique of modifying the edge plasma behaviour has
been known theoretically for some years, but is now demonstrated for the first
time by the group from the University of Texas. A helical perturbation is used
to produce an edge ergodic field layer, as shown in Fig. 6 (a). Measurements
show this to depress the edge temperature over a few centimetres and to steepen
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FIG. 6. Effect of an ergodic limiter on edge temperature profiles in TEXT.
(a) Computed magnetic configuration in the edge region, using the actual coil configuration.
(b) Measured edge temperature profiles for various currents in the helical coil.

the edge temperature gradient (see Fig. 6(b)). This may turn out to have implications both for impurity control and for production of the H-mode confinement
configuration.
Applied helical perturbations may also be used for the stabilization of MHD
modes, as was first reported by the PULSATOR group some years ago. Work
reported at the Conference by the groups from TOSCA in the United Kingdom,
HT6M in China and JFT-2 in Japan shows that the method is capable of further
development.
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FIG. 7. Degradation of energy replacement time with additional heating power in JET.

6.

CONFINEMENT

If the good news is that more heating does indeed give hotter plasmas, the
bad news, until recently, has been that more heating has given worse confinement.
This has been so to such an extent that the fusion figure of merit, n D T E Ti
(product of deuteron density, energy replacement time and ion temperature),
had until the beginning of this Conference not been increased by additional
heating. I could choose data from almost any experiment to demonstrate this
degradation, but it would be invidious of me not to use JET data for this purpose.
In Fig. 7 it can be seen that at each plasma current the energy replacement
time T E degrades with increasing power according to an offset linear law for the
plasma energy. The incremental energy replacement time (corresponding to the
value at large power) can reach only 0.2-0.3 s in JET compared to the best Ohmic
confinement times of about 0.8 s.
A way out of this dilemma was first found in ASDEX; it was shown that
for divertor plasmas a second confinement mode - the 'H-mode' — could exist
in which the confinement time recovers to essentially the Ohmic value and does
not degrade with applied power. Experiments on Dili and later on PDX showed
that a similar behaviour could be produced in tokamaks without a divertor, but
including an internal separatrix.
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Following in these footsteps, both separatrix and H-mode discharges have
now been produced in JET. For the first time in JET the np^gT; product has
exceeded the Ohmic value, reaching a value of 20 X 1019 m" 3 • s-keV. Some
of the separatrix and H-mode points at 2 MA and 3 MA are indicated in Fig. 7.
The H-mode r g values for these discharges are better than those for similar
limiter discharges by more than a factor of two; this means that the H-mode in
JET appears to be worth about 2.5 MA in plasma current. Oddly enough, it
turns out that in JET mechanical forces will limit the ultimate plasma current
capability for X-point configurations to about 2.5 MA below that for limiter
discharges!
In JET, it is not yet clear whether or not the H-mode points will be free
from power degradation as was found to be the case in ASDEX. However, in
DIII-D, a new magnetic limiter plasma which has been in operation only for a
short time at GA Technologies, H-mode discharges have already been achieved
and in this case T£ does not appear to degrade with power (see Fig. 8).
At this Conference, the ASDEX group has given an account of the various
techniques which can allow a tokamak discharge to make the transition to
H-mode confinement. An increase in edge electron temperature, requiring a
threshold in heating power, appears to be necessary. One of the techniques
which the ASDEX group advocates to achieve this is a reduction in edge recycling.
This may provide a link with the 'S-mode' high confinement discharges which
have recently been produced in TFTR. The method used is to reduce the edge
hydrogen recycling by preconditioning with helium discharges. So far, this
regime can only be produced over a limited range of plasma current with roughly
balanced beam injection. However, some extension of the range has been
obtained by ramping the plasma current and further improvements are planned.
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TABLE III.

COMPARISON OF HIGH CONFINEMENT REGIMES

Experiment

I (MA)

R(m)

(no radiation
correction)

Tu/Ip-R
(normalized)

(normalized)

ASDEX

0.08

0.3

1.7

2

2

JfT-2M

0.034
0.033

0.22
0.28

1.3
1.3

1.5
1.2

1.2
0.9

BIGD

0.17

1.0

1.7

1.3

1.3

JFTR

0.15

0.9

2.5

0.8

1.9

2
3

3
3

1.1
0.8-1.3

1.5-2.2

JET

0.5
0.6-0.9
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In this supershot regime in TFTR the energy confinement time is restored
to the Ohmic level and again shows no obvious degradation with additional
heating power (see Fig. 9).
A further bridge between H-mode and S-mode discharges may be provided
by JFT-2M, which has obtained H-mode discharges in X-point configurations,
but which also, remarkably, has produced H-mode discharges in a limiter configuration. As for the S-mode, the technique used by JFT-M for the H-mode is
to restrict the edge recycling.
An important question to ask is whether, as has been speculated, the
H-mode confinement time scales as the product of plasma current and dimension or whether it scales only as the current. Table III shows a comparison of
the five devices for which high confinement modes have been reported at this
Conference. It will be seen that there is little to choose between the I p scaling
and the I p * R scaling, and we must await further results to resolve this tantalizing question.
An important difficulty with the best H-mode discharges in ASDEX is that
the plasma suffers from impurity accumulation effects which finally destroy it.
At present, this effect does not seem to occur in JET, TFTR or DIII-D, but
further experiments are required.

7.

DENSITY AND BETA LIMITS

We have discussed temperature and confinement time - two of the
parameters which determine the approach to fusion conditions. The third
parameter is plasma density. The first constraint is that on the plasma pressure.
In order for the present generation of experiments (such as JET and TFTR) to
reach fusion conditions and in order for future tokamak reactors to have a
chance to be economic, it is necessary that the plasma beta reaches the theoretical limit, established computationally by F. Troyon. The results from TFTR
in Fig. 10 show that this limit can indeed be approached in the low-q regime,
which is the one of interest for fusion relevant tokamaks.
In addition to the beta limit, realistic parameters for an approach to fusion
conditions require central densities in excess of 10 20 m" 3 , or mean densities in
excess of 7 X 1019 m~ 3 . The operational range of tokamaks is restricted by a
density limit above which edge impurity radiation initiates a shrinking of the profile
leading to instability and ultimately to disruption. For high field devices (such
as ALCATOR and the Frascati tokamak) this limit is high enough to permit
reactor relevant densities, but for lower field devices there has been concern
that, with the achievable plasma purity, the density limit would be too low.
At this Conference we have seen that a number of low and intermediate field
tokamaks (ASDEX, JT-60, TFTR, JET) can routinely produce values of the
figure of merit of nR/B> 6 X l C n T ^ T " 1 . At this level the necessary densities
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FIG. 10. Approach to the theoretically predicted beta limit in TFTR.
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FIG. 11. Density limits in a number of tokamaks.

can be obtained. Some operating diagrams are shown in Fig. 11. The higher
values of nR/B are obtained with the help of pellet injection, or neutral beam
heating, or both.
Once densities above those possible with purely Ohmic discharges have
been reached, however, some method of controlled density decrease is required
in order to terminate the discharge. Success has so far been obtained by profiling
the power input reduction and by introducing some in-vessel pumping means,
such as, for instance, the suitably conditioned carbon tiles on the wall of JET.
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PELLETS

The use of injected solid pellets of deuterium ice as a fuelling method for
tokamaks has facilitated high density operation and has led to considerable
performance improvements in many experiments. Pellet injection can also
apparently lead to changes in the basic transport processes, as was reported in
a paper by the ALCATOR group. Comparisons of the observed ion thermal
conduction loss with neoclassical theory are always imprecise because of the
experimental difficulty of establishing the various components of the ion
energy balance. The ALCATOR C experiment, however, appears to show a
clear transition from a regime with an anomalous ion thermal loss of about
2.5 to 6 times the neoclassical value to a regime with a level that appears not
to exceed the neoclassical value (see Fig. 12). The transition is induced by
injection of a pellet which doubles the plasma density and steepens the density
gradient. Improved particle confinement and neoclassical impurity concentration are said to occur concurrently. This appears to be a regime worthy of
further elucidation.

9.

PROSPECTS

Following the discussion of each of the three components of the fusion
figure of merit, these components are presented on a diagram so as to assess the
progress towards achievement of ignition conditions with tokamak systems and
the prospects for the future.
Figure 13 is a plot of the product nrjTjrg versus Tj, the density and temperature being central values while the energy replacement time is an overall value.
Two computed curves are shown. The curve marked 'ignition' corresponds to
dominant alpha particle heating (taken as P a /Pi oss = 74%, or fusion power divided
by power input, Q = 14; with this condition the plasma temperature would
continue to escalate owing to the fusion power, even if the externally applied
heating power were to be progressively reduced). The other curve corresponds
to substantial alpha particle heating (taken as P a /Pi o s s = 14% or Q = 0.8) 1 .
The value of npT-Tg on these curves is approximately constant in the important
region of its minimum near Tj = 20 keV and so forms a figure of merit. Also
shown on the diagram (in the box) are the best values so far obtained and
1

The computed curves are for a plasma with 50% of its ions as tritium and 50% as
deuterium. The curves are for specific profiles, corresponding to n/n 0 and T/To = (1 —p2)a,
where p is the normalized radius and a n + ar = 2, the subscripts denoting the indices for
density and temperature. The values are insensitive to the profiles as long as broadly similar
shapes are considered; thus, taking a n + aT =0.5 reduces the 'ignition' curve minimum from
4X 1021 m"3-s-keV to 3 X 10 2 1 nr 3 .s-keV.
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FIG. 13. The fusion figure of merit, n^T^^, versus central ion temperature Tv showing
progress towards ignition conditions with tokamak systems.
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reported at this Conference. In addition, the best values of nDTjTE reported at
earlier times are indicated for some representative experiments. It will be seen
that, in round terms, the figure of merit has increased by a factor of 10 over the
past three years, by a factor of 100 over the past ten years, and by a factor of
1000 over the past twenty years. The currently obtained best value of
2 X 1020 m~3-s-keV needs to be increased by about twenty times to reach the
level of'ignition', but only by about 3.5 times to reach the level of substantial
alpha particle heating. In a particular case the substantial alpha particle heating
curve would be reached by a modest increase of the parameters currently observed
in JET, i.e. by increasing n D from 0.55 X 1O20 m~3 to 1 X 1020 m~3, T; from
6 keV to 12 keV and r E from 0.6 s to 0.8 s.
In conclusion, it can be said that now there seems to be every reason to
expect that today's tritium compatible tokamaks (JET and TFTR) will reach
the regime of substantial alpha particle heating within the next few years.
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SUMMARY ON
ALTERNATIVE MAGNETIC SYSTEMS —
EXPERIMENTAL RESULTS*
T. SEKIGUCHI
University of Tokyo,
Hongo, Bunkyo, Tokyo,
Japan

1.

INTRODUCTION

About sixty papers presented at the Conference deal with alternative
magnetic systems (Sessions C, D and I). This category includes a wide variety
of plasma systems (see Fig. 1). The three areas: helical systems (17 papers),
open systems (14 papers) and reversed field pinches (RFPs, 13 papers) are
discussed most widely, in more than 70% of the papers dealing with this topic.
In particular, the RFP has received increasing attention in the last few years.

2.

HELICAL MAGNETIC SYSTEMS

Not many new data have been presented at the Conference, which reflects
the present situation. Table I summarizes the simultaneously obtained highest
values of plasma parameters for various machines.
2.1. Extension of plasma parameters
(a)

Powerful electron cyclotron heating (ECH) in the millimetre wavelength
range (50-75 GHz, 400-700 kW) has been introduced in Heliotron-E (D-I-l)
and in W VII-A (D-I-2, D-V-l); this permits the generation of target plasmas
with 1-2 keV electron temperature.
(b) The technique of carbon coating of the vacuum inner wall (carbonization)
is very effective in reducing radiative losses due to high-Z impurities (by a
factor of two to three); this facilitates both the production and the longtime sustainment of plasmas with an average density in excess of 1014 cm" 3 .

This summary talk was also published in Nucl. Fusion 27 (1987) 490.
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FIG. 1. Distribution of papers discussing the main areas of alternative magnetic systems.

(c)

An ion temperature in excess of 1 keV was obtained in both Heliotron-E
(D-III-2) and Uragan-III (D-III-5) by radiofrequency (RF) heating.
Uragan-III employs ion cyclotron heating (ICH) plus slow Alfven wave
heating. The first systematic ICH at a power level of 1 MW in both the
fast ion Bernstein mode and the slow wave mode was applied in Heliotron-E.
The experimental results as well as those from simulation studies (D-III-1)
support the belief that fast wave heating is an attractive heating method for
helical systems.

2.2. Energy confinement time (r E ) scaling
The Heliotron-E group (D-I-l) proposes the following global empirical
scaling for the energy confinement time:
TE oc [n/P(NBI)] O.S-0.6
where n denotes the plasma density and P(NBI) denotes the injected neutral
beam power. This scaling seems to be similar to that of tokamaks (this should
be confirmed further).
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2.3. Beta limit

The average beta value of about 2% previously attained in Heliotron-E
remains nearly the same in the 'stable Q-mode' which is characterized by a flat
radial pressure profile. However, the present maximum beta value appears to be
restricted by 'resistive' interchange modes (occurring in the outer plasma region)
rather than by 'ideal' MHD modes (D-I-l).
Theoretical studies of possible improvement of the beta limit, hopefully
to more than at least 5%, are in progress (D-I-3, D-III-6, D-V-2, D-V-3). These
studies include: (a) 3-D magnetic axis systems, represented by Asperator and
Heliac, where the magnetic axis itself forms a helix, (b) the Advanced Toroidal
Facility (ATF) at Oak Ridge which aims at an optimum combination of magnetic
well and shear, anticipating an average beta value of 8%, and (c) W VII-AS at
Garching, where a module coil system is employed and the Pfirsch-Schluter
current is minimized.
In Canberra, Australia, a small scale Heliac has started operation and the
H-l Heliac is under construction (D-III-6). Also, the ATF and W VII-AS, the
TJ-II Heliac (D-V-4) and Helias (D-I-3) are all in the construction or planning
stages, and it will be at least another two to three years before the results of
experiments in high beta helical systems are made public.

2.4. Radial transport

The origin of an induced radial electric field and its effect on radial transport
have been investigated by the W VII-A group (D-I-2). It is found that in neutral
beam injected (NBI) plasmas the loss of perpendicularly injected fast ions induces
a radial E-field, which in turn reduces the neoclassical ion thermal loss. On the
other hand, in ECH plasmas the neoclassical ambipolar particle diffusion induces
an electric field, and in the outer plasma region electron thermal conduction is
anomalous whereas in the plasma centre it is neoclassical. The 'ripple diffusion',
which includes the effects of a radial electric field, has been studied in Heliotron,
but so far no clear results have been obtained. Recently, an experiment on
'pump limiters' has been performed in Heliotron-E (one of the US-Japan
co-operative efforts, D-I-l); the findings indicate the possibility of active control
of high heat flux and particles with a combination of an ergodic magnetic field
and a pump limiter.
Transport in helical systems in connection with the induced radial electric
field and with impurity control is a very important subject of investigation. The
experimental verification of the numerous theoretical proposals is a central
problem.

IAEA-CN-47/L-1-2
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2.5. Impurity control

The usefulness of carbon coating of the vacuum inner wall has already been
mentioned. Both the Wendelstein group and the Heliotron group found that
during operation with ECH the impurity accumulation was reduced and overall
confinement somewhat deteriorated (D-I-l, D-V-l). In future machines it may
be necessary to provide a poloidal divertor.
2.6. Self-induced plasma current
In connection with helical systems, reference is often made to 'currentless'
plasma. Actually, in present-day machines, self-generated low level toroidal
current is observed. It is necessary to investigate the physical origin of this
phenomenon (bootstrap, Pfirsch-Schliiter current, diamagnetic current, etc.) and
whether or not it is harmful for future upgraded machines.

3.

OPEN-ENDED SYSTEMS

3.1. Tandem mirror
In the category of open systems, the most intensive efforts are being devoted
to the tandem mirror. However, no new major machine has been put into operation in 1985-1986, except for the modified Phaedrus-B at Wisconsin (C-I-4), and
detailed studies have continued on existing machines. The main plasma parameters
achieved in the central cell of tandem mirrors are summarized in Table II.
(a) Thermal barrier. The axial electrical potentials achieved in mirror
machines are listed in Table HI. The potential depth of the thermal barrier (0 b )
is found to be strongly governed by the level of selective ECH; both TMX-U (C-I-l)
and Gamma-10 (C-I-2) achieved 0 b values of nearly 1 kV. The recent Gamma-10
results also showed that the axial ion plug potential (0C) increases with increasing
barrier depth (0 b ) and attains 1.2 kV, and that for long-time sustainment of the
thermal barrier it is necessary to conserve an appropriate spatial ion density
profile, the energy filling rate for which is found to be classical.
(b) Axial confinement scaling in the central cell. An axial ion confinement
time in excess of 0.1 s has been attained in TMX-U and Gamma-10 (0.4 s in the
latter) in the ion temperature range of 1-2 keV. TMX-U also attained an average
central-cell beta value of 6%. A further result of even greater importance is the
confirmation by experiments in Gamma-10 (C-I-2) that the axial ion confinement
scaling is consistent with the Pastukhov formula which is related to the ion plug
potential (0 C ).
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(c) Non-ambipolar and ambipolar radial ion loss. Non-ambipolar loss is
attributed to plasma rotation due to the plasma potential with respect to the
container walls. Both TMX-U and Gamma-10 demonstrated the controllability
of the loss time by end-wall potential adjustment (consistent with resonant
neoclassical theory), in the range of 10 ms to more than 1 s. In addition, the
ambipolar radial ion confinement time was found to be nearly equal to or
longer than the axial confinement time. Thus, an overall central-cell confinement
time of more than 0.1 s was estimated for Gamma-10 under the assumption that
the currently existing relatively large charge exchange losses are absent.
3.2. RF-plugged cusp anchored mirror
For the RFC-XX-M (IPP, Nagoya) very interesting results have been reported
(C-II-6): (a) A plasma pressure in the small-volume end-cusps about an order of
magnitude lower than that in the central mirror cell is capable of sufficiently
stabilizing the MHD modes in the central cell, (b) An empirical scaling of the
RF plug (ponderomotive) potential has been established and a maximum plug
potential of nearly 1 kV obtained, (c) A new controllable operating mode
(the 'negative potential mode') has been discovered; this is essentially a tandem
mirror sustained only by ICH for at least 150 ms, with a thermal barrier like
negative potential (as high as 500 V) between central cell and cusp end-cell.
The possible application of this unique cusp anchor concept to large axisymmetric tandem mirrors should be investigated.
3.3. RF utilization in open systems
In recent years, the utilization of high power RF techniques has been
extended to open systems, particularly to axisymmetric mirrors. Besides
conventional plasma heating by slow waves and ponderomotive end-cell
plugging (RFC, Nagoya: C-H-6; TARA, MIT: C-I-3; Phaedrus-B, Wisconsin:
C-I-4-1), this includes plasma heating by fast waves, stabilization of MHD modes
and drift modes, thermal barrier sustainment ('pumping'), and startup and
sustainment of mirror plasmas by ICH only.
MHD stabilization in axisymmetric mirrors by ICH was first observed by
the HIEI group (C-I-4-2), and then in Phaedrus (C-I-4-1) and TARA (C-I-3) which
also has a central-cell divertor. These groups found that the RF ponderomotive
force is responsible for MHD stabilization. The scaling of this stabilization has
been extended to ion temperatures in excess of 100 eV; plasma startup and
long-time plasma sustainment by ICH have been demonstrated in HIEI. It has
also been shown that the sustainment of a high beta (~13%) plasma (Phaedrus)
as well as the formation of a thermal barrier (Phaedrus-B) by RF only are
possible in axisymmetric mirror configurations.

IAEA-CN-47/L-I-2
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REVERSED FIELD PINCHES (RFP)

In 1985 and 1986, HBTX-1A (Culham) was upgraded to HBTX-1B.
TPE-1RM-15 (ETL, Japan) was put in operation in 1986. Both machines use
a vertical field to centre the plasma within the vessel. Although the experimental
ranges of toroidal current and electron temperature have remained nearly the same
since 1984, at this Conference the papers presented contained much more elaborate
data which were obtained over wide ranges of parameters and machines. The
simultaneously obtained plasma parameters for the main devices are listed in
Table IV.
4.1. Scaling of plasma parameters
The plasma temperature of RFPs was empirically found to be proportional
to the plasma current. However, recent HBTX-1B experiments (D-II-1) indicate
that, while the poloidal beta is high at low current, it decreases with increasing
current (from 20% at 80 kA to 10% at 220 kA in HBTX-1B). In ETA BETA-II
(D-II-5), TPE-1 RM-15 (ETL, Japan) and ZT-40M (D-II-3), the poloidal beta
value is kept nearly constant (~10%) up to 150-200 kA. This constancy of beta
is shown by varying the ratio I/N (where I is the current and N is the number of
particles per unit length of the plasma column), by gas puffing and by multiple
pellet injection. ETA BETA-II, ZT-40M and STP-3M (IPP, Nagoya: D-II-2) all
report an increase of Ze^ in the outer regions of the plasma with increasing
current.
4.2. Relaxation process (dynamo effect)
In almost all machines, investigations of long-time self-sustainment of the
RFP magnetic configuration have continued in relation to the observed MHD
fluctuations and anomalous ion heating. The REPUTE-1 (D-II-4), ETA BETA
and HBTX groups all have observed periodic 'current peaking' and 'flattening'
due to the internal kink mode or the resistive tearing mode. It has been shown
on HBTX that the relaxation process extends into the 'scrape-off layer, causing
an additional and sometimes large contribution to the loop voltage. A number
of technical improvements (reduced field error, accurate plasma centring by a
vertical field, etc.) led to a substantial increase in the energy confinement time
(a factor of five).
4.3. Pulse length and energy confinement time
Pulses of long duration, which are possible because of the relaxation process,
have been sustained for 36 ms in ZT-40M at low current (60 kA); they are
restricted by the shortage of volt-seconds, not by physics. A slow current ramp-up
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with a maximum risetime of 15 ms and an energy confinement time close to 1 ms
have been realized in this machine. It appears that through these improvements
controlled 'current termination' (similar to 'current disruption' in tokamaks) is
now possible. Also, equilibrium control by vertical fields has recently been
successfully performed on HBTX and TPE-1RM-15. A pulse length of more
than 10 ms has been observed in OHTE (GA Technologies: D-V-7) with a thin
shell having a resistive skin time of 1.5 ms. This is an interesting finding, but
in comparison with the results from REPUTE I there are certain discrepancies
and further clarification seems necessary. The impurity problems are not serious,
except at high plasma densities as in ETA BETA II; however, it may be necessary
to provide divertors in upgraded machines with larger plasma currents (of the
order of mega-amperes).
4.4. Oscillating field current drive
The 'F-0 pumping technique' is one means of increasing the pulse length.
For the first time, audiofrequency current drive has been applied in ZT-40M.
Preliminary results indicate that the plasma current is actually damped when
the phase difference between the toroidal and poloidal RF fields is unfavourable.
There were some indications of a net increase of plasma current under
optimal conditions. At high power operation, however, MHD activity appears
to give rise to impurity production from the wall.

5.

COMPACT TORI

This class is conventionally divided into two groups: spheromaks and field
reversed configurations (FRCs). Spheromaks have both toroidal and poloidal
magnetic flux, whereas FRCs are considered to have poloidal flux only.
5.1. Spheromaks
The plasma parameters achieved in spheromaks are listed in Table V. At
present, there are two methods by which this magnetic field configuration can
be realized. In the first method the plasma equilibrium is maintained by an
externally applied magnetic field (machines listed in the lower part of the table).
In the other method a magnetized plasma gun type injector and a conducting
wall plasma container ('flux conserver') are used in combination to maintain
the resulting spheromak configuration (machines listed in the upper part of the
table). Only for the flux conserver type have results been presented at the
Conference.
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The CTX spheromak (D-IV-1-1) has produced significant results:
(a) Taylor's minimum energy principle has been quantitatively confirmed
in spheromaks, and (b) the global magnetic helicity can be conserved, not only
during the buildup phase but also during the sustainment phase by means of
'helicity injection', which implies a staged operation of the power supply on a
coaxial gun type plasma injector. This process led to a toroidal current in excess
of 1 MA and a configuration lifetime of several milliseconds. This is very
interesting because it indicates that nearly steady operation may become
possible in spheromaks with DC power supply.
The largest problem in this system at present, common to all spheromaks
including CTX and CTCC-1 (D-IV-1-2), is a serious energy loss of unknown
physical origin. In CTX, the size scaling of the confinement time has been
studied by increasing the flux conserver radius by a factor of nearly two.
While the particle confinement time increased, no significant increase in the
electron temperature (below 100 eV) or in the energy confinement time was
apparent. This suggests that strong energy loss mechanisms must be present.
There are speculations regarding the physical origin of this energy loss, but
more convincing identification of these processes and the development of a
control method are urgently required.

5.2. Field reversed configurations (FRCs)
The plasma parameters achieved in FRCs are listed in Table VI. Most of
the present FRCs are based on theta pinch techniques, in which case the FRCs
usually have a very elongated plasma cross-section. A new technique of forming
a nearly spherical FRC (by combining laser produced plasma and field reconnection by fast rising coil currents) has recently been demonstrated at the University
of Tokyo.
Improvement of the stabilization of the n = 2 rotational instability by
superimposing a helical multipole field has been pursued further (D-IV-2-2,
D-V-9) and the Osaka group presented a unified theoretical interpretation of
the processes involved. The slow formation of FRC plasmas with flux supplement
by an additional longitudinal current was demonstrated at Nihon University
(D-IV-2-2).
Empirical confinement and transport scaling has been studied by two groups
in the USA (D-IV-2-1, D-V-9). One group (D-IV-2-1) performed experiments in
slow risetime machines with widely varying machine dimensions (four machines)
and operating conditions, and investigated the particle and energy lifetime
scaling with the plasma (separatrix) radius. This group also proposed for the
first time that the transport in FRCs may be explained by the low frequency
drift wave theory.
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OTHER MACHINES

Table VII gives typical data for various devices. These are discussed in the
following sections.

6.1. Screw pinch
The TPE-2 screw pinch device (D-IV-3) provided very interesting data; the
discharges at a low qa-value (about 1.2) with a flat radial current profile produced
an average total beta value of nearly 10%, a global energy confinement time of a
few milliseconds at a maximum average temperature of 400 eV, and a plasma
density of 1014 to 1015 cm" 3 . Of particular interest is the fact that the maximum
total beta value of 10% is beyond the 'Troyon limit'. The confinement scaling is
very close to neoclassical. Thus, although a number of problems remain to be
solved, further improvement of confinement and higher plasma beta can be
expected.

6.2. REB ring spherator
The possible utilization of an REB ring for magnetic fusion was first
investigated in Astron at Livermore some 30 years ago. SPAC-VII (D-V-10) is
a toroidal version which is used in combination with the spherator concept.
A quiescent intensive REB ring, with megaelectronvolt order of energy and a
total current up to 30 kA, could be sustained for longer than 15 ms with very
low poloidal field fluctuations. With the REB ring active, a plasma with
3.7 MHz/100 kW RF power was produced, but only a plasma of low density
(5 X 1012 cm" 3 ) and low electron temperature (nearly 10 eV) could be confined
with a global electron confinement time of about 1 ms.

6.3. Bumpy torus
Because of the discontinuation of the EBT series in the USA, only results
from the Nagoya Bumpy Torus (NBT) (D-III-4) were presented at the Conference.
The main results are as follows: (a) The overall transport can be explained by
neoclassical theory, and the energy confinement time (nearly 1 ms) is longer
than the particle collision time by at most a factor of ten (several times smaller
than expected), (b) The mechanism of the self-induced radial electric field as
well as its control and its effect on confinement have been clarified, (c) When
the input microwave power is increased, the beta value of the hot electron ring
itself remains of the order of several per cent (rather than several ten per cent,
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as initially anticipated). An average minimum-B configuration has not been
produced, although some stabilization effects have been observed in the vicinity
of the ring. Thus, although it could not be proven that the NBT is a valid concept
for the development of a fusion reactor, it may be worth while to consider a
transfer of this concept to other magnetic systems, which should be possible if
a hot electron ring with a very much higher beta could be realized.
6.4. Z-pinch and plasma focus
The Imperial College, London (D-IV-4) has performed detailed experimental
and theoretical investigations of operational mechanisms for three different
types of small linear Z-pinches with very high particle densities (10 18 " 19 cm" 3 ;
even ~10 2 1 cm" 3 at 'hot spots', which is very near to liquid density). The Royal
Institute of Technology, Stockholm (D-V-6), reported results for an octopole
stabilized toroidal Z-pinch with much lower density.
Regarding plasma focus experiments (D-IV-5-1, D-IV-5-2), no data for
improved D-D neutron yield (in excess of 1 0 n neutrons per pulse) were reported
at the Conference. Instead, more detailed physical studies were presented, such
as the correlation of generated X-rays, neutrons and high energy deuterons with
pinch dynamics and with ion acceleration mechanisms.

7.

CONCLUSIONS

During 1985 and 1986, no new major or upgraded machine in the category
of alternative magnetic systems has become operational. However, it appears
that helical and open-ended systems as well as RFPs, compact tori and other
experiments all made steady progress and are being thoroughly explored.
In particular, several machines in the category of helical systems have
reached ion temperatures of the order of kiloelectronvolts, and elaborate studies
on various items have been performed in the plasma parameter region next to
that of the tokamak. Regarding the plasma parameters, a new generation of
larger machines appears to be necessary in order to make great strides towards
the fusion target, as was also the case with the tokamak nearly one decade ago.
However, there are still numerous basic physics problems which have to be
solved, particularly for transport and beta limit improvement. Thus, it seems
essential to show how to obtain compatibility of the more refined experimental
results needed with the designs of the next-generation larger helical machines
such as that being planned by the group of Japanese universities.
Good progress has also been made in tandem mirrors in the understanding
of the physics problems involved and in the extension of the plasma parameters.
In Gamma-10 (Tsukuba, Japan) a potential well very near to 1 kV was attained
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at the thermal barrier, with an ion plug potential of more than 1 kV. This led to
a perpendicular ion temperature of 1.7 keV, an average beta in excess of 1% and
an estimated energy confinement time of more than 0.1 s (assuming good
vacuum), all in the central cell. However, the nr value is still of the order of
1011 cm~3-s because of the low plasma density in the central cell (<10 13 cm" 3 ).
The critical issue is to find suitable general schemes for substantially improving
the overall energy confinement. One promising scheme is 'axisymmetrization',
for which an increasing number of results proving its effectiveness have been
reported. However, further investigations are necessary.
The repertoire of RFPs has become much larger and steady progress has
been achieved during 1985-1986. Next-generation machines with currents
of 2-4 MA are now being constructed or planned. These are considered to
constitute milestones on the way to the final goal of 20 MA reactors. However,
more detailed work is still needed to solve numerous problems, including the
establishment of effective and practical ways of current drive.
Spheromaks and FRCs have also made good progress in gaining extensive and
intensive physics information, but they are still in the exploratory stage. Spheromaks
are currently suffering from heavy energy loss. So far, the magnetic field
generated in spheromaks was at most only 0.6 T. A new machine with a
magnetic field in excess of 2 T has been put into operation recently (MS, Univ.
of Maryland, USA); for this, a substantial increase in plasma temperature to
above 100 eV has been anticipated. A larger FRC machine is under construction
in the USA (LSX, see Table VI); this is expected to supply additional information on transport and on MHD (tilting) stability in a more reactor relevant
parameter range. In view of the future potential of compact tori, the continuation of studies of these unique systems is highly desirable, and comparisons
between the two spheromak types FRC and RFP will become necessary in the
not too distant future.
It should be pointed out that it is of utmost importance to show within a
short time that the peaceful use of fusion energy can indeed be realized, at least
scientifically and technologically. Furthermore, since fusion core plasma physics
and reactor technology problems for different magnetic systems are closely
interrelated, it would be advantageous to use the currently most advanced
tokamaks for the study of problems in other systems; it is hoped that this can
be done at reasonable cost. To reach the ultimate goal, the fusion community
will also have to overcome the hurdles of economic feasibility and social
acceptance. Therefore, it is necessary to provide at least two or three alternatives,
even under the currently stringent resource limitations. It is essential to achieve
a carefully considered balance between tokamaks and alternative magnetic
systems. Furthermore, to promote development and to enable fast and
substantial progress to be made, better co-ordinated international planning and
execution of the work is of ever greater importance, especially for the selected
alternative magnetic systems.

IAEA-CN-47/L-I-2

515

ACKNOWLEDGEMENTS
The author is grateful to many colleagues from Japan and other countries
for their great assistance in preparing this summary. Also, he wishes to thank
Dr. A.A. Newton from the UKAEA Culham Laboratory for improving his
manuscript.
Because of the very limited time available for the preparation of this
summary it was unfortunately not possible to include all work in this field.

IAEA-CN-47/L-I-3

SUMMARY ON
MAGNETIC CONFINEMENT THEORY*
K. LACKNER
Euratom-IPP Association,
Max-Planck-Institut fur Plasmaphysik,
Garching, Federal Republic of Germany

1.

INTRODUCTION

Approximately 40 predominantly theoretical papers on magnetic confinement were presented at the Conference. The following main points were
discussed:
- Derivation of the reduced resistive MHD equations in the intermediate and
long mean free path regimes;
- Sawtooth modelling;
- Effect of fast particles on MHD instabilities;
- Enhancement of the critical beta in tokamaks and stellarators.
In these fields, the papers indicated that milestones have been reached. Progress
was reported also in other areas, but of a less definitive nature. Unfortunately,
in the area of currently largest concern — the understanding of tokamak confinement — no decisive progress has been reported.

2.

TRANSPORT IN TOKAMAKS

2.1. Energy confinement: Comparison between experiment and theory
The present status of our understanding of tokamak confinement is best
illustrated by three papers which compare the experimental results of Ohmic
and L-regime discharges with the predictions of the currently most advanced
theories of localized anomalous transport, namely those for trapped electron
modes (TEM) in the different collisionality regimes and for the ^-modes'
(r?i = d In T;/d In n e ). The essential features of these comparisons and the
conclusions of the authors can be summarized as follows:
Paper A-VI-1-1 deals with purely ohmically heated and ICR heated JET
experiments. The experimental electron and ion energy fluxes as a function
This summary talk was also published in Nucl. Fusion 27 (1987) 500.
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of radius in the plasma core region are compared with theoretical predictions
for trapped electron modes, rj; modes and microtearing modes. The theoretical
predictions are found to exceed locally the actual fluxes by more than one
order of magnitude and in particular to show a completely different radial
dependence.
Paper A-VI-1-2 describes simulations of TFTR discharges at different
heating powers and in different plasma regimes, including cases with pellet
injection. In these simulations, the global entropy production through heat
diffusion was derived from first-principle TEM and T?J models, but the predictions for local power flow were modified by a factor constraining the Te
profiles to reproduce the experimentally observed shapes. The reported
agreement (of global confinement time and, evidently, also Te profiles) thus
achieved is very good.
Paper A-VI-1-3 describes simulations (of D-III discharges) with TEM and
fy-mode transport predictions, but without additional profile adjustments
except through a sawtooth model. This procedure gives reasonable agreement
regarding the electron density and power scaling of energy confinement times,
but it predicts r E « Bt rather than Tg « I p as experimentally observed. This
is considered to be due to the lack of an adequate transport model for the
plasma edge layers which should in particular enhance the heat conduction in
the high-q regions and thus produce a shrinking of the effective discharge radius
for cases of large edge safety factor q a .
The conclusions of the three papers can be summarized as follows: The
papers agree on the non-existence of an adequate transport model for the edge
(say q > 2) region. It can be argued that the transport results of the different
drift wave models are in surprising agreement with the space-averaged transport
in the core region, in particular considering the fact that they are true firstprinciple theories, without 'fudge' factors. It is, however, also clear that they
themselves do not correctly describe the spatial distribution of transport - a
fact which is obviously made evident much more in a comparison of fluxes
(as given in paper A-VI-1-1) than in a comparison of simulated and measured
TE values. The discrepancies observed are intrinsically linked with the resilience
of the plasma temperature profiles to respond to changes in the power deposition profiles - a behaviour commonly called 'profile consistency'. Different
explanations for this are possible. In the discussions during the Conference,
in particular regarding the experimental results, it was not possible to come to
a decision as to which of the following alternatives is correct:
— The action of sawteeth at the centre and an as yet unspecified edge transport
mechanism suffice to explain this profile consistency (A-VI-1-3).
— An additional mechanism influences local transport, enforcing the profile
shape but only little affecting its global scaling (A-VI-1-2).
— The agreement with regard to the global transport is coincidental and
mechanisms other than drift waves are actually responsible for the observed
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energy confinement. In particular, beyond some threshold, the heat
conductivity may just be a steep function of Te gradients, as predicted
(for instance in paper A-VI-4) for an rje-driven instability. This in particular
would then explain the confinement degradation with heating power and
would also yield a ('weak') form of profile consistency.
Transport simulations with a quite different aim were presented in paper
E-III-5, in an investigation of the combined effect of thermal and fast particle
energy losses on tokamak performance. The distribution of non-thermal
particles has been studied by combining a conventional transport code with a
Fokker-Planck description (including a spatial loss term). Other situations
studied with this model are the slide-away regime of Ohmic heating and ICR
minority heating, where ripple transport could, for instance, lead to nonthermal particle loss.
2.2. Models of anomalous transport
New first-principle models of anomalous electron energy transport presented
at the Conference focused on the consequences of magnetic braiding due to the
interaction of islands of 'intermediate' m, n number. Large-scale numerical
simulations of the diffusion of magnetic field lines in a model perturbation field
are presented in paper E-III-4. The results of this study should also permit a
comparison with the usual expressions for the magnetic field line diffusion such
as those given in Ref. [ 1 ]. Transport models of this type tend to give a strongly
unfavourable temperature dependence of confinement. However, for these
models a mechanism is needed which produces the field perturbation. The
authors of paper E-III-4 suggest that such a mechanism could be due to resistivity
differences between the interior region of the islands and the surrounding ergodized zones arising from the mechanism of the heat transport itself. An alternative mechanism for the production of the islands could be due to tearing modes,
which for the considered range of m, n numbers are usually stable within
resistive MHD but could be destabilized by neoclassical effects (bootstrap
current). Such effects are discussed in papers E-II-3-1 and E-II-3-2, presenting
the more relevant long mean free path models. A further possibility is outlined
in paper E-I-4-3, where a non-linear model for ballooning tearing modes is shown
to lead to an unconditional instability.
Other papers dealing with local anomalous transport models considered in
particular the plasma edge region where rippling modes may occur. Rogister
and Hasselberg (E-III-1) pointed out that this mode should be further destabilized
in toroidal geometry and should give rise to top-bottom asymmetries in the
resulting fluctuations, as reported from TEXT. The consequences of the temperature and shear dependence of rippling mode produced turbulence are discussed
in paper A-VI-1-3. In particular, it is suggested that this dependence is responsible for the H/L mode bifurcation in divertor tokamaks since it could give rise
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to a bistable thermal equilibrium in the high-shear edge regions, with a high
temperature/low x e branch and a low temperature/high x e branch.
Enhanced transport is discussed also in paper I-I-4 which presents a theory
of anomalous momentum transfer. Morozov and Pogutse (I-I-4) also compare
their results and the predictions of the neoclassical, gyroviscous model of Ref. [2]
with the experimental findings of beam heated discharges; however, no conclusion
was reached.
Another theoretical approach to the phenomenon of profile consistency,
at present applied by several authors, is to show that the observed plasma
profiles correspond to extremal states of energy or entropy under assumed
constraints on accessibility. Such principles are formulated in paper I-I-5 and
applied in a prediction of j(r) (and thus, in resistive equilibrium, T(r)) and
n(T) relations.
Anomalous energy transport in reverse field pinches is analysed in paper
D-V-8. In the inner region of a tokamak, transport is dominated by magnetic
fluctuations, driven by m = 1 tearing modes, but in the outer zone a combination of resistive interchange and ion temperature gradient driven modes is
found to be responsible for confinement. This leads the authors to suggest
pellet injection as a means of controlling density profiles and thereby quenching
this transport enhancement.

3.

MHD STABILITY OF TOKAMAKS

3.1. Simulation of experimentally observed MHD behaviour
A direct comparison of experimental results with MHD stability is attempted
in the following three papers.
Hender (A-V-3) analysed the tearing mode activity in JET with the threedimensional fully resistive MHD code FAR. The coincidence between measured
(by Bg loops) and simulated mode patterns is impressive and is better than that
discussed in papers A-VI-2 and A-VI-3 where only the reduced MHD equations
are used.
Chu (A-VI-3) and Gruber (A-VI-2) analysed the approach to the beta limit
on Doublet III and ASDEX, using basically the same theoretical tools, namely
a simulation of the gross MHD behaviour with the CART code, solving the
reduced resistive MHD equations, and an analysis of the ballooning mode stability
of the experimental profiles. However, a quite different experimental approach
is followed in the two devices. The beta limit experiments on Doublet HI
proceeded in the L-regime and were accompanied by a strong gas puff with
consequent edge cooling and strong drive of the sawtooth fluctuations. The
ASDEX studies were carried out in sawtooth-free hydrogen discharges. In
Doublet III, the peak </3t> values were always realized just before a disruption;
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they were preceded by a large sawtooth which destabilized the m = 2 tearing
mode. The ASDEX beta limit studies, on the other hand, did not generally
lead to disruptions but showed a time behaviour of the energy content which
was found to track that of the ideal ballooning mode limit. However, since the
actually achieved <|3t> values remained about 20% below this theoretical prediction, the authors suggested that the time behaviour of the energy is caused by
resistive ballooning modes.
3.2. Long mean free path effects on resistive MHD stability
Practically all resistive MHD stability studies are based on a fluid model
which is actually not applicable under the long mean free path conditions of
modern-day tokamaks. One way to apply corrections is to combine the usual
A' analysis of tearing modes with the application of the drift kinetic equation
for the description of the processes in the resistive layer (see paper E-III-1).
A more general approach is discussed in papers E-H-3-1 and E-II-3-2,
which report the derivation of the reduced resistive MHD equations in a form
that is valid in the intermediate regime and the long mean free path regime.
Besides showing that the known results of neoclassical transport theory can be
recovered from these equations, the authors also present first results of stability
analyses which indicate a substantial destabilizing effect on intermediate to
high m, n resistive modes while at the same time leaving unchanged the
conventional theoretical low-n mode predictions (which — as shown above tend to agree well with observations).
3.3. Sawtooth modelling
Interest in sawtooth theory, which has been weak for a long time, has
recently been restimulated by two experimental results that could not be fitted
with the existing theoretical models: the very rapid crash time (about 100 /us)
of sawteeth observed in JET, and the very peaked current density profiles
directly measured in TEXTOR.
At the Conference, four papers (E-I-l-1, E-I-l-2, E-I-l-3 and A-VI-4)
analysed with different modelling techniques a basically identical sawtooth
model. The essential feature of this model is the non-monotonic pre-disruption
q-profile with an off-axis minimum falling below 1 immediately before the onset
of instability. Instability is then a basically ideal, largely pressure driven
m = 1/n = 1 internal kink mode. This model gives a mode pattern with a
structure of the cold and hot regions that is in good agreement with SXR
tomography on JET and is also consistent with simulations of the resistive current
diffusion after a sawtooth crash that tends to produce off-axis current maxima
during a transient phase. This resistive current diffusion may also give rise to a
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more abrupt onset of the instability by allowing the buildup of a larger destabilizing potential before its release. However, complete numerical calculations
presented so far used either a cylindrical model or the reduced MHD equations,
both of which are qualitatively inadequate for the pressure driven m = 1/n = 1
mode (some preliminary fully toroidal calculations are reported in paper E-I-l-2).
An appealing feature of the emerging theoretical picture is that variable behaviour
can be expected, depending on the outcome of the competition between pressure
and on-axis current peaking as well as the attainment of q = 1 at some radial
position. This would explain the relatively large variety in the appearance of
observed m = 1 MHD and sawtooth activity. On the other hand, even with these
models it is at present still not possible to explain the very fast, precursor-free
crashes observed on JET.
The very peaked current distributions measured by the Faraday rotation
technique in TEXTOR, sometimes corresponding to q0 values significantly
below 1 and persisting throughout the sawtooth cycle, have long been an
embarrassment to MHD theory. A key to their understanding has now been
given by the finding (reported in papers A-V-l and A-V-3) that, as is the case
with higher-m tearing modes, the resistive m = n = 1 internal kink mode can
be stabilized by localized current density flattening in the proximity of the
resonant surface, albeit only in toroidal geometry.
3.4. Non-linear MHD stability
A number of rather differing contributions fall under this heading.
Papers A-V-3 and E-I-3 describe applications of three-dimensional non-linear
resistive MHD codes, examining, for instance, the interaction of externally
applied m = 2/n = 1 fields with the resonant tearing mode. These findings
confirm the results of earlier calculations using a non-linear single-helicity
model [3], leading to the conclusion that direct stabilization can only be obtained
by phase control of the perturbation fields. Dnestrovskij et al. (E-I-4-2) studied
(in infinite aspect ratio approximation) the existence of helical equilibria for
boundary q-values and plasma current distributions for which the original circular
cylindrical equilibria are unstable with regard to the corresponding ideal MHD
kink mode. Such equilibria are indeed found to exist for sufficiently peaked
current density distributions, even with the conducting walls removed to infinity.
Zakharov et al. (E-I-4-1) introduce the 'successive layer principle' as a method
for illustrating and assessing the effect of current profile modifications on
tearing and kink mode stability in the straight cylinder approximation through
an explicit formulation of the contribution of a given layer of plasma currents
to the destabilizing potential.
Reconnection in reversed field pinches (RFP) and tokamaks was studied
with numerical techniques (D-V-l 1) and with analytical techniques (D-V-13).
Sato et al. (D-V-l 1) analysed the differences between total reconnection
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(|B| = 0 at the reconnection point: the RFP case) and oblique reconnection
(finite |B| at the stagnation point: the tokamak case), and studied 'driven'
reconnection, i.e. the situation existing when a given plasma inflow speed is
imposed on the boundaries of the computational region. Bhattacharjee et al.
(D-V-13) studied the effective electric field e = <v, X B , ) ( the 'dynamo' field)
in the presence of the underlying resistive turbulence, giving expressions for e\\
for the tearing mode and expressions for e^ for the resistive interchange mode.
Applications studied are the compatible steady states for tokamak and RFP
current distributions, and the possibility of current drive through helicity
pumping.
The non-linear dynamics of tearing modes in reversed field pinches,
destabilized by diffusion induced deviations from the Taylor states, was
analysed in paper D-V-8. The region of instability of m = 1 modes in both
n-number space and radius was found to expand in time because of non-linear
interactions with the m = 0, n = 1 mode and to be accompanied by a damping
of energy to stable modes with shorter wavelengths.
3.5. Effect of suprathermal particles on MHD stability
The interaction of energetic trapped particles with MHD waves was one of
the subjects for which a rather definitive theoretical picture emerged at the
Conference. This is a complex subject since the interaction depends on three
parameters: co/co^, co/coA and i?(co dh being the precession frequency of hot
trapped particles, coA the toroidal Alfven frequency and 77 the resistivity).
Non-resonant energetic particles have a stabilizing effect, resonant particles
have a destabilizing effect. Likewise, resistivity has a different dominating
effect on low-n internal kink modes (the dissipation of energy in the resonant
layer has a stabilizing effect) and on high m, n ballooning modes (the resistivity
reduces the bending of field lines and hence is destabilizing).
Paper D-V-8 presents a study of the effect of resonant and non-resonant
trapped particles (and also of the excitation of waves by circulating superAlfven particles). On the other hand, paper E-II-2-1 concentrates on resistivity
effects on resonant (fishbone-type) ballooning and kink modes. Finally, the
mechanisms of phase mixing of the excited Alfven waves and the pumping of
the transferred energy to large k i modes are analysed in paper E-II-2-2.
3.6. Beta limit enhancement in tokamaks
A sizeable number of papers was dedicated to proposals for raising the
critical <(3t) in tokamaks and stellarators. For tokamaks, it is proposed either
to seek a continuous path to the second stability regime or to try to exploit fully
the freedom left by the Troyon formula (jSt> <x I p /aB t to arrive at very large
- I p /aB t values by choosing particular plasma shapes or extreme aspect ratios.
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Continuous access to the second stability regime for ideal MHD modes is
theoretically possible, either through shaping of the plasma (in particular, paper
E-I-2-1 describes the advantages of the 'crescent' shape over the known beantype plasma cross-sections) or through precise control of plasma current and
pressure distributions in conventional circular or D-shaped tokamaks. In the
latter case (E-I-2-1 and E-I-2-2) an extended net shear-free region has to be
realized in the plasma interior, with a central q a value of > 1.5. Such current
distributions tend to destabilize free-boundary kink modes, so that a rather
close fitting shell (a wa j]/a plasma = 1.1 -1.2) has to be provided.
Stable <|3t> values in excess of 20% can be reached in the first stability regime
either by providing a strong plasma elongation and curving the resulting belt pinchlike configuration so as to fill the area between two concentric ellipsoidal shells
(E-I-2-3) or by using a very low aspect ratio (A « 1.7) (E-I-2-4). For both cases,
parameter sets for the proposed experiments exist (see paper E-I-2-3 and Ref. [4]).
It was also pointed out that the high current density associated with the highly
elongated 'ellipsoidal shell' tokamak gives the best chances for achieving ignition
only by Ohmic heating.
Following a suggestion coming from successful experiments which
demonstrated RF stabilization of modes in mirror machines, Sen et al. (E-II-1-1)
considered the possibility of stabilizing ballooning modes in a tokamak with the
ponderomotive force exerted by an applied RF field, and concluded this to be a
realistic possibility.

4. MODELLING OF CURRENT DRIVE AND RF HEATING
Principally, the papers under this heading can be divided into two groups.
The first group is generally concerned with experimentally well established
heating techniques and gives elaborate code packages which can be used to
determine power deposition as realistically as possible and to simulate the
consequences for the plasma parameters. The state of technology in this field
is exemplified by paper F-IV-1, reporting a study in which ICRF heating on
JET was modelled using a code package consisting of the following: a twodimensional finite element code for the determination of wave patterns and
power deposition, a combination of a simpler one-dimensional wave propagation
code with a Fokker-Planck analysis of the hot particle distribution functions
(to analyse the effect on power absorption by applying the code to the minority
ions or to estimate current drive efficiencies by applying the code to the electrons),
and a conventional transport code coupled with an evaluation of the kink criterion.
A combination of a somewhat simpler (ray tracing) ICRF wave propagation and
power deposition code with a H-dimensional transport code was used by
Swanson et al. (F-IV-4) to predict the expected performance of the planned CIT
ignition experiment. This paper also presents a mathematical model for the
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coupling of an incident lower hybrid wave, the ion plasma wave and the ion
Bernstein wave near ion cyclotron harmonics, and gives a solution procedure.
The second group of papers describes the application of an electromagnetic
particle simulation code to more basic problems. The buildup and sustainment
of the toroidal plasma current in a tokamak by injection of a relativistic electron
beam is described in paper E-I-3. The application of electron cyclotron waves
to the heating of overdense plasmas, using the conversion of an X-mode wave to
an electron Bernstein wave at the upper hybrid resonance layer, and the stabilization of flute and drift modes by applied RF fields are treated in paper E-H-l-2.

5.

STELLAR ATOR THEORY

The papers on stellarator theory concentrated on the identification of
configurations with promise of reactor-relevant MHD-stable (/3> values and on
the analysis of neoclassical transport in these configurations. Two distinctive
approaches have emerged during recent years, one (spearheaded by Heliotron)
involving high rotational transform and strong shear, and the other (referred
to as 'advanced stellarators') trying to minimize the longitudinal plasma currents
and to maximize the magnetic well.
Two possibilities of entering the second stable regime of ideal MHD with
a Heliotron E configuration have been discussed: the application of an additional
vertical field (D-V-3) and the superposition of a toroidal field (D-V-2). Wakatani
et al. (D-V-3) also analysed the actually observed stability behaviour of Heliotron E,
which shows good agreement with theoretical predictions for the m = I/n = 1 and
m = 3/n = 2 resistive interchange modes. The search for optimal advanced
stellarators described in paper D-I-3 has recently focused on configurations called
HELIAS (a combination of HELIAC and Advanced Stellarator); a case has been
identified which is stable with regard to resistive interchange (argued to be the
most restrictive instability type under these conditions) up to <0> = 9%.
Quantitative assessment of neoclassical transport for different stellarator
configurations in the intermediate and long mean free path regimes is still an
important issue. Different numerical approaches exist (solution of the drift
kinetic equation (D-I-4), Monte Carlo simulations (D-I-3)), all of which find
large differences between their results and those of analytic models and show
a strong effect of the ambipolar radial electric fields on ion transport.
Under normal operating conditions, anomalous transport enhancement
has so far not been found to play a role in the central region of modern
stellarators. A clear deterioration was, however, found in W-VIIA under
nearly shear-free operation in well defined regimes of the rotational transform t .
This was generally attributed to externally imposed magnetic field perturbations
and the associated island formation at resonant surfaces and has triggered a
detailed analysis (D-I-2) of its dependence on shear, * and perturbation amplitude.
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An efficient mapping technique was applied in the calculations to analyse magnetic
field braiding, and the consequences for particle transport were studied with a
Monte Carlo technique. Of relevance in this context are also results of paper
E-II-3-1 which predict a certain tendency for self-healing due to the additional
currents arising from neoclassical effects.
Because of their complex geometry, stellarators require more involved
techniques for the analysis of the wave patterns and the power absorption in
ICRH. Two approaches to this problem are reported in paper D-III-1: a twodimensional solution method for the partial differential equations and a combination of ray tracing with a boundary layer expansion near cyclotron resonance
regions.

6.

CONCLUSIONS

The achievement of milestones on the way to reactor compatible confinement has been reported at the Conference by authors concerned with experimental tokamak research, but a similar breakthrough has not been achieved in
the theoretical understanding of the major topics. At present, such an understanding seems to be impeded partly by the lack of agreement among experimentalists in the description of the phenomenon of 'profile consistency'. Some
promising ideas — in particular those connected with magnetic braiding and
mechanisms of field perturbations — were, however, presented at the Conference
and it is hoped that they will develop to full-fledged theories before the next
Conference.
In other areas, which are at present not so much in the limelight but which
ultimately also require a solution before a reactor can be built, substantial
progress was reported.
Regarding the stellarator, configurations promising reactor relevant <j3>
values have been presented for the two approaches followed at present. A
probably decisive criterion for their ultimate success is the response of the
different configurations to externally or internally produced field perturbations.
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1.

INTRODUCTION

Inertial confinement fusion (ICF) continues to be an inherently attractive
alternative to magnetic confinement fusion because the high technology component
(laser or ion beam) can be located far from the target chamber for easy access and
maintenance [1]. Scientifically and technologically, however, the ICF programme
is not so advanced. Most of the papers presented at this Conference dealt with the
basic physics and driver technology issues, rather than with nrT scaling, ignition
or breakeven.
This summary is organized according to the various ways in which the
driver can be coupled to the pellet: radiation drive with lasers, radiation drive
with light or heavy ions, and direct drive with lasers.

2.

RADIATION DRIVE WITH LASERS

The NOVA facility at Lawrence Livermore National Laboratory (LLNL)
has been completed and is operating. Using 20 kJ at the third harmonic
(0.35 nm), the NOVA team has imploded a pellet and achieved a fuel temperature of 1.7 keV with an estimated nr of (2-4) X 1014 s-nT 3 (B-I-2). This is a
very positive result, but nr is not by itself a sufficient measure of progress in
fusion. One additional constraint is the total coupling efficiency of laser energy
to D-T fuel. For electrical energy applications, a high total coupling efficiency
is needed to overcome the inherently low efficiency of laser drivers.
For the radiation drive concept, one component of the total coupling
efficiency is the X-ray conversion efficiency. Laboratories in the USA (B-I-2), in
the Federal Republic of Germany and Japan (B-I-3), and in China (B-III-2) all
reported unexpectedly low X-ray conversion, with the conversion monotonically
decreasing with increasing laser intensity. For example, LLNL reported an X-ray
* The writing of this paper was supported by the Office of Naval Research,
Washington, D.C., USA.
This summary talk was also published in Nucl. Fusion 27 (1987) 505.
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conversion efficiency of only 20-30% at a laser intensity of (2-4) X 1015 W- cm" 2 ,
rising to 50-60% at an intensity of 10 14 -10 15 W-cm"2.
At the Conference, graphs from LLNL showed that the conversion
efficiency of 50% implies a pellet gain of only about 50 at a laser energy of
5 MJ (B-I-2). For electrical energy applications, the product of the pellet gain
times the driver efficiency must "be at least 10-15. From these numbers we can
conclude that a pellet gain of 50 would require a laser efficiency of 20-30%;
this is far above what is expected from any laser. Some of the participants hope
to raise the conversion efficiency by an appropriate choice of the high-Z target
materials, and improvement should be possible. However, for energy applications
there is an additional constraint: a power reactor would use a few tonnes per week
of this high-Z material, and therefore the material has to be both of low cost and
non-radioactive under neutron bombardment.
The Centre d'etudes de Limeil-Valenton (CEL-V) (B-III-1) presented a
large variety of X-ray diagnostics with spatial, temporal and spectral resolution,
with an emphasis on very careful absolute calibration. This institute also
presented results on a new diagnostic technique that can measure radiation
precursors.
The Institute of Laser Engineering (ILE) of the Osaka University and the
Max-Planck-Institut fur Quantenoptik in Garching jointly presented a detailed
study of the radiation flux that is possible in a hohlraum as a function of the
input laser intensity (B-I-3).

3.

RADIATION DRIVE WITH LIGHT IONS OR HEAVY IONS

For radiation drive, light and heavy ions have a substantial advantage over
lasers because the driver efficiency is expected to be much higher - approximately
20%. The coupling of these ions to the pellet is also expected to be relatively
advantageous as compared with a laser beam, although the detailed pellet designs
and the techniques for beam propagation and focusing are still under development.
In addition, the cost of a light ion driver is much less than that of a laser. Sandia
National Laboratories (SNL) have already completed a megajoule facility which
aims at the milestone of eventual pellet ignition (B-II-4).
Most current research in ion beam fusion concentrates on driver development
rather than on driver-target coupling. The particle beam fusion accelerator
PBFA-II at SNL is currently in an accelerator activation phase; this is expected to
last another year. A critical test will be the demonstration of the achievement of
1014 W-cnT2 on a target. First experiments on targets are expected before the
next IAEA Conference in 1988. At the 1984 IAEA Conference, the generation
of a pure lithium source was identified as a critical problem. At this Conference,
SNL announced that a 96% pure lithium source had been developed and was now
being installed on PBFA-II.
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ILE announced a three- to fourfold increase in the ion beam intensity on
target, using a non-spherical shaped diode (B-II-5). This is the first confirmation
of the shaped diode technique presented by SNL at the last Conference. ILE
also presented results on a new technique that starts with a low voltage pulsed
power source and uses serial connection in the diode to produce a higher voltage.
This concept could lead to repetitive operation of a diode - one of the key
requirements for electrical energy production using light ion fusion.
At the Laboratory of Beam Technology of the Technological University of
Nagaoka (B-III-9) a technique for 'post-acceleration' of ions was demonstrated.
This technique offers the possibility of utilizing intermediate-Z ions rather than
light ions.
The Tokyo Institute of Technology has developed a cryogenic ion source
for light ion diodes (B-III-7). As an initial test, the Tokyo team has produced
90% pure nitrogen. With colder sources, it expects to produce pure hydrogen
and helium in the near future.
At the Instituto de Fusi6n Nuclear (DENIM) in Madrid an advanced 1-D
computer code has been developed, primarily for the study of ion beam fusion
(B-III-6). This code has capabilities similar to those of the largest computer
codes in the world; it has been used to find pellet design regimes for light ion
fusion with enhanced gain.
Research on heavy ion fusion in the USA was presented by Lawrence
Berkeley Laboratory (B-III-3). In a two-year reactor systems assessment it was
estimated that the driver cost could be limited to US $200 per joule with a
3-4 MJ driver, with a net cost of electricity of US $0.05 per kilowatt-hour. This
result is of great importance since the heavy ion fusion programme had previously
been criticized on the grounds that the drivers needed for inertial fusion would be
too large and too expensive.
To obtain a reduction to 3-4 MJ of the ion driver energy, it has been
necessary to redesign the accelerator. Instead of singly charged ions, the new
design uses triply charged ions and multiple parallel beam lines in the same
accelerator tube. Preliminary experiments with the Single Beam Transport
Experiment support the concept of using multiple charged ions. A proof-ofprinciple induction Linac experiment is under way to test the concepts of current
amplification and acceleration of multiple beam lines.

4.

DIRECT DRIVE WITH LASERS

The direct drive approach to inertial fusion is attractive because of the
simple geometry. Since the target only consists of the pellet, there is less physical
complexity than in the radiation drive concept and therefore an inherently lower
risk of failure. In addition, the direct drive approach has one energy conversion
step less, with the laser light directly heating the pellet corona. Each energy
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conversion introduces inefficiencies; with direct drive the pellet gain is therefore
potentially higher and the energy necessary for ignition lower. Ignition and
breakeven are estimated to be in the range of 50-200 kJ. With a 5 MJ laser,
direct drive pellet gains are estimated to be in the range of 150-300, depending
upon pellet design details such as shell thickness. These gains are sufficient for
electrical energy production, assuming a KrF laser with an efficiency of 6-7%.
Because of the high cost of lasers, the direct drive laser fusion concept will
probably proceed in a set of steps:
(a)
(b)
(c)
(d)

Test of critical physics elements (0.1-10 kJ lasers)
Hydrodynamically equivalent implosion (10-100 kJ lasers)
Breakeven and ignition (0.1-1 MJ lasers)
High gain (1 -5 MJ lasers).

Currently, the direct drive laser fusion programme is still in phase (a) (as is
the programme using radiation drive with lasers). In the next phase, the pellet
would be designed to behave hydrodynamically in the same way as a high gain
pellet. In other words, it would have the same ratio of pellet thickness to radius,
the same convergence ratio, the same final shell velocity, the same peak laser
intensity and pulse shape, the same sensitivity to non-uniformities, and so on. If
the implosions of phase (b) are successful, the next stage, with a factor of ten
more laser energy, will aim for breakeven and ignition. For a direct drive target
this is expected to require a laser of about 50-200 kJ. The final step before
engineering would then be the demonstration of high pellet gain.
To make a rough comparison, the tokamak programme is now completing
the hydrodynamically equivalent geometry and is ready to attempt ignition.
The direct drive programme is still testing the critical physics elements of high
gain, but it seems that the progress reported at this Conference and elsewhere
has been sufficient to justify an attempt at implosion of a hydrodynamically
equivalent pellet.
The direct drive laser fusion papers presented at this Conference can be
grouped according to the various critical physics elements, namely preheat control,
laser symmetry, coupling efficiency, ablative Rayleigh-Taylor instability, and the
central ignition concept. These five physics issues are arranged in the following
sections according to our level of understanding; preheat control is the best
understood topic, the ignition concept is the least understood. In addition to
these five topics, the requirements for laser development, pellet fabrication,
reactor chamber design, and various supporting physics are briefly discussed.
4.1. Preheat control
Directly driven laser fusion pellets are extremely sensitive to fast electron
preheat; controlling this preheat will probably require a short laser wavelength of
0.25 jum and a laser intensity of less than 1015 W-cm"2. At this Conference, the
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Laboratoire de physique des milieux ionises of the Ecole polytechnique at
Palaiseau presented experimental data (B-II-3) indicative of very low preheat
with 0.26 ixm laser light. Further experiments are planned with longer scale
length plasmas. The Naval Research Laboratory in Washington (NRL) has
previously presented experimental results showing that their induced spatial
incoherence (ISI) optical smoothing technique reduces most plasma instabilities
if the laser wavelength is less than 1 jim. At this Conference, NRL presented
data (B-I-5) showing that ISI with both spatial and temporal incoherence also
reduces the Raman instability, while the use of only spatial incoherence without
temporal averaging (the random phase plate) slightly enhances the Raman mode
over an ordinary laser beam.
4.2. Laser symmetry
To achieve a high pellet gain, the implosion symmetry must be uniform to
1-2%. This uniformity can be achieved in principle with a laser that uses one
of several optical techniques which add spatial and temporal incoherence to the
laser beam. The smoothing has been experimentally demonstrated on an
individual laser beam, and calculations indicate that the uniformity on an
imploding sphere should be sufficient. In the future, these optical smoothing
techniques will probably be installed on various spherical implosion facilities,
but this will require further time and money. At the Conference, some laboratories presented status reports on spherical implosion experiments that did not
utilize any optical incoherence for smoothing.
In the Laboratory for Laser Energetics (LLE) of the University of Rochester,
an ongoing programme aims at improving the laser uniformity sufficiently to
obtain an implosion to 100-200 times solid density (B-I-5). This demonstration
would then be followed by a larger facility that would incorporate spatial and
temporal incoherence smoothing techniques. Currently, the OMEGA laser at
LLE can produce 15% RMS non-uniformity, summed over all surface harmonic
modes. With improvements now under way, LLE expects to reduce this nonuniformity by a factor of three in the near future.
At the Electrotechnical Laboratory in Tsukuba thermal smoothing has been
experimentally measured with both an intensity modulated laser beam and a
laser beam with a random phase mask (B-III-8). Consistent with theory, significant
thermal smoothing of higher wavenumber disturbances was found with 0.53 /nm
laser light but negligible smoothing with 0.26 jum laser light.
4.3. Coupling efficiency
LLE and NRL reported that they have found pellet design regimes with a
hydrodynamic rocket efficiency of 10-15%, the higher values requiring thinner
pellet shells (B-I-5). Thinner shells are of course more sensitive to the ablative
Rayleigh-Taylor instability. This leads naturally to the next topic.
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4.4. Ablative Rayleigh-Taylor instability
When a high gain direct drive pellet implodes, the in-flight aspect ratio,
R/AR, can approach 100 to 150, the shell thickness being defined by the 1/e
density surfaces. One of the outstanding issues in laser fusion is whether in
fact such thin pellet shells can be stably driven. To achieve stable drive, the
growth rate, 7, of the ablative Rayleigh-Taylor instability must be reduced
below the classical value, 7 = y'kg. Computer simulations at LLE, the Rutherford
Appleton Laboratory in Chilton, ILE and NRL all predict that the growth rate is
reduced. Calculations at ILE and NRL indicate that the growth rate can be reduced
to 30% of the classical value with 0.25 /im laser light. So far, however, there have
been very few experimental data on the growth rate of this mode. At this Conference, two laboratories, Rutherford Appleton and NRL, announced new experimental methods and results (a third laboratory, ILE, did not present their recent
Rayleigh-Taylor experiments).
The Rutherford Appleton Laboratory has used an ingenious alpha particle
backlighting of an ablatively accelerating foil to measure the eventual breakup
of that foil (B-II-1). The alpha particles came from the thermonuclear burn of
a separate imploding pellet.
NRL directly measured the linear growth rate of the Rayleigh-Taylor mode
by using two separate backlighters shining through an ablatively accelerated
foil onto X-ray streak cameras (B-I-5). One source was used to measure the
acceleration of the foil, the other source measured the changes in the mass per
unit area in the thick and thin regions of the foil. The growth rate was consistent
with the computer simulations for perturbations of 100 and 150 jum, but it was
much less than that of the non-ISI simulations for 50 Mm perturbation. These
experiments were performed with 1/^m laser light. Future experiments are
planned with 0.53 /urn laser light and perhaps with 0.25 //m KrF laser light.
4.5. Ignition concept
Here, the phrase 'ignition concept' refers to the point design of a high gain
pellet, the creation of a central hot spot that can ignite the fuel, and the RayleighTaylor mix of the hot fuel with the surrounding cold and denser fuel. Several
laboratories reported spherical implosion experiments that attempted to create
optimum fuel conditions, given the constraint of limited laser energy.
ILE (B-I-4) and LLNL (B-I-2) have both obtained about 1013 neutrons by
carefully tailoring the shock waves in a high aspect ratio pellet. ILE emphasized
the use of the technique of stagnation-free implosions for a minimization of the
shell/fuel mix, and suggested that these implosions are the equivalent of the
tokamak 'supershots'. The type of pellet used in these high neutron yield experiments cannot be extrapolated to high gain, but the experiments do demonstrate
substantial control of the implosion process, and there is the possibility of long
term application of this stagnation-free technique.
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LLE has an ongoing campaign to compress fuel to about 100-200 times
solid density. Progress is limited by laser asymmetry, as discussed in Section 3.2.
At this Conference, LLE reported (B-I-5) on various complementary diagnostic
techniques that are being used for ensuring that the measurement of high density
is accurate; these diagnostics include secondary reaction products, nuclear activation, and X-ray spectroscopy.
The Ecole polytechnique at Palaiseau has performed pellet implosion using
its unique 0.26 pm spherical implosion facility (the fourth harmonic of Nd:glass).
It claims that the implosion was degraded by the fuel/shell mix which was in turn
driven by laser non-uniformities on the imploding shell (B-II-3). The Ecole
polytechnique is now trying to improve the laser uniformity.
CEL-V reported results of planar experiments designed to isolate the physics
of a Rayleigh-Taylor mix (B-I-l). Extrapolating a technique first utilized by ILE,
CEL-V built a target of aluminium layered with a thin coating of gold on each side.
By accelerating the target with one laser and burning through the other side with
a second laser beam, CEL-V was able to demonstrate that the acceleration process
produced a mix on the rear of the foil. This technique should be powerful for
future studies of the Rayleigh-Taylor mix.
4.6. Laser research and development
Both LANL (B-II-2) and the Tsukuba Electro technical Laboratory (B-III-8)
reported briefly on their ongoing effort to build KrF lasers. Both laboratories
will probably incorporate ISI optical smoothing, and both will perform one-sided
flat target experiments.
4.7. Pellet fabrication
LLNL announced the development of a low density foam pellet that can
'wick' up the D-T fuel. This is a very significant development, since previously
there had been no way to build a thick cryogenic D-T fuel layer into a pellet shell.
4.8. Reactor chamber design
A reactor design that may be applicable to direct drive laser fusion is being
developed by the University of Wisconsin. This reactor would have a simple dry
chamber wall and a gas fill. However, no direct-drive reactor designs were
presented at this Conference.
4.9. Supporting research
There is a variety of important fundamental research that does not fall into
any of the above programmatic categories but that is necessary if we are to
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succeed in laser fusion. For example, the University of California, Los Angeles,
has completed a microwave simulation of laser-plasma interactions (B-III-4).
With the longer wavelength microwaves, the saturation mechanisms of ion waves
driven by two electromagnetic waves can be studied. At the University of British
Columbia, detailed quantitative studies of radiative and shock heating in simple
planar targets have been performed (B-III-10).
Special mention should be made of the effort made at several laboratories
to understand thermal transport, which led to a non-local transport theory!
Early in the history of the laser fusion programme, several laboratories noted
that transport in layered targets did not match the classical Spitzer-Harm formula,
even though the gradient scale lengths were many times the electron mean free
path. This was followed by years of careful experimentation under various
conditions at many laboratories, and the development of some crude transport
models that are best forgotten. But eventually this led to a sophisticated FokkerPlanck study at the Rutherford Appleton Laboratory demonstrating the importance of electrons with a velocity several times the thermal velocity. At this
Conference, a sophisticated non-local transport model was presented by a scientific
group working with the Laboratoire de physique des milieux ionises of the Ecole
polytechnique at Palaiseau (B-II-3). (Other non-local transport models have been
developed at ILE and at LLNL, but they were not presented at the Conference.)

5.

CONCLUSIONS

The inertial fusion concept has made substantial progress since its inception.
Large Nd: glass lasers and pulsed power devices have been successfully developed,
beyond most scientists' initial imagination. Plasma coupling problems that led
to fast electron preheat have been essentially solved. The initial p'ellet design
concepts that started the programme were flawed, but they have been replaced
by superior pellet design concepts. Optical techniques have solved the fundamental problem of laser non-uniformity. Some aspects of the programme are
now in the process of shifting, from studies of plasma instabilities to the study
of fluid instabilities, from basic plasma physics to hydrodynamically equivalent
implosions, from pulsed power development to ion beam target experiments,
from Nd: glass laser research to, hopefully, the development of KrF lasers and
heavy ion beams. As could be noticed at this Conference, inertial confinement
fusion is healthy and lively, with several potential candidates for attractive
electrical energy applications.
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1.

INTRODUCTION

Technology and reactor concepts were covered in fifteen presentations.
A broad range of topics was discussed, including alternative confinement systems,
alternative fuel cycles, a range of technologies, and safety and environmental
aspects of fusion.
Technology and reactor concepts represent only a small part of this
Conference and therefore the papers discussed here cover only a small part of
the worldwide activity in these areas. This is especially so because in 1986 the
IAEA also organized two technical meetings relating to fusion reactors - the
Technical Committee on Fusion Reactor Design (Yalta, 26 May to 6 June 1986)
and the Technical Committee on Fusion Reactor Safety (Culham, 3 to 7 November
1986). It is therefore appropriate to incorporate some background material from
these meetings into this review.

2.

NEAR TERM TOKAMAK REACTORS

Each of the four countries, or group of countries, involved in fusion
research and development is studying at least one Near Term Tokamak Reactor
which will follow the present generation of large experiments. The objectives
of these devices vary, from the simple physics objective of demonstrating an
ignited and burning plasma with minimum technology to the demonstration
of long term plasma burn and testing of technological components, with sufficient neutron flux to be regarded as a significant step towards the requirements
of a demonstration reactor. Progress on two of these reactors, CIT and NET,
was discussed at this Conference.
The Compact Ignition Tokamak (CIT) (H-l-2) has the primary objective
of satisfying the physics requirements for ignition with the shortest pulse length
and the smallest major radius, and hence minimum cost, consistent with prudent
* This summary talk was also published in Nucl. Fusion 27 (1987) 510.

535

536

HANCOX

engineering choices. These objectives lead to a high field machine with a magnetic
field in the plasma of 10.4 T, generated by copper coils pre-cooled to liquid
nitrogen temperature. The technology has already been proved in the Alcator C
and Frascati FT high field tokamaks. In the present design the average stress in
the toroidal field coils is allowed to approach 85% of the yield strength of the
composite copper and steel material and, as a result, the machine will be limited
to 3000 full power burn pulses although 50 000 pulses would be possible at 70%
of the full field and current. The neutron wall loading in such a machine is high
(6.8 MW- m~2) and thus wall protection and plasma exhaust are major problems.
The design of this machine is well advanced and has been demonstrated to be
feasible, although, as is the case with all near term tokamaks, it has been
necessary to extrapolate considerably from present plasma physics experience
and in particular to assume H-mode operation with high levels of auxiliary
heating. If funded in 1987, CIT could be in operation in conjunction with
TFTR at Princeton in 1993.
Before considering the NET design, it is interesting to compare the four
devices of this type currently at the conceptual design stage. These are:
Next European Torus (NET)
Fusion Engineering Reactor (FER)
Tokamak Ignition Experiment (TIBER II)
Fusion Test Reactor (OTR)

-

Euratom
Japan
USA
USSR

All four groups also collaborate in the INTOR Workshops.
The parameters of these machines, as presented at Yalta, are shown in
Table I. There is a relatively narrow range of maximum magnetic field and
plasma current. All reactors have elongated plasmas and poloidal divertors, and
all have fusion power levels in the range of 300-600 MW. Only three devices,
however, aim at breeding tritium and only OTR aims at full breeding; OTR also
has provision for fissile fuel production.
The physics objectives of the NET device (H-I-l) are to produce a plasma
with parameters and performance relevant to a fusion reactor, and this implies
substantially longer plasma burn times than in CIT. In addition, the machine
has extensive technological objectives, including an integrated test of reactor
components and systems as well as engineering tests and the development of
in-vessel components, and therefore a minimum neutron fluence of about
0.8 MWa-m" 2 is judged necessary. Thus an integrated burn time of 108 s is
required at the design wall loading of 1 MW-m"2, with a duty cycle greater than
90% in the final phase of operation compared to a value of less than 0.2% for
CIT. Two variants of the reference concept were presented, involving singlenull or double-null poloidal divertors, the latter leading to a physically smaller
machine because of the larger plasma elongation and triangularity. A further
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TABLE I. NEAR TERM TOKAMAK REACTORS
OTR

FER

TIBER-II

NET

INTOR

R(m)

6.2

5.2

3.0

5.2

4.9

a(m)

1.5

1.1

0.8

1.4

1.2

b/a

1.5

1.5

2.2

2.2

1.6
5.5

B0(T)

5.6

5.3

6.0

5.0

I (MA)

8.2

5.9

10.0

10.8

8.0

T(S)

600

2000

s.s

600

200

Power (MW)

520

297

290

600

570

~0.4

>0.6

TBR

1.05

0

?

Notes: TBR = tritium breeding ratio
s.s = steady state
? = to be decided.

possible variant is operation of the machine in its first phase with a blanket/
shield of reduced thickness, allowing a substantially larger plasma (15 MA
instead of 10 MA) for plasma optimization experiments. The NET activity has
entered the pre-design phase in 1986, and a device could be constructed for
operation in the late 1990s.
Before leaving the topic of Near Term Tokamak Reactors, mention must
be made of the American initiative announced at this Conference by J.F. Clarke
in his Artsimovich Memorial Lecture [1], proposing international co-operation
in the preparation of a conceptual design report for an engineering test reactor.
The USA has indicated its willingness to commit the necessary resources to this
activity for a period of three years, and proposes that the objective should be
achieved through already established mechanisms in the IAEA. If accepted,
this initiative would represent a significant step forward towards the construction of a tokamak reactor.

3.

ALTERNATIVE CONFINEMENT SYSTEMS FOR REACTORS

Looking further ahead to conceptual designs of power reactors, it is
noticeable that no commercial tokamak reactor designs were reported at this
Conference. Indeed, at the Yalta meeting it was noted that no major commercial tokamak reactor design study had been started since the previous Fusion
Reactor Design Meeting held at Tokyo in 1981. This does not mean that there
has been no interest in power reactors; a demonstration reactor study has been
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undertaken in the UK,and in the USA the STARFIRE study has been
reconsidered and the substantial MARS and mini-MARS mirror reactor studies
have been completed. There has also been significant interest in other nontokamak reactors, with a major compact RFP study (TITAN) in progress in the
USA and several smaller stellarator reactor studies. At this Conference there
were four papers on power reactor concepts based on alternative confinement
systems: a dense Z-pinch reactor, an ICF reactor, a muon catalysed hybrid
reactor and a compact torus.
The dense Z-pinch reactor study undertaken by Imperial College in London
(H-III-7) has the objective of reducing the overall size and complexity of the
fusion system. Such a pulsed device would have a 0.1 m long plasma with a
50 nm radius, lasting for less than 1 /JLS. An energy release of 5 MJ per pulse
would require a repetition rate of 100 Hz for a 500 MW thermal reactor. The
power supply for such a reactor must produce repetitive current pulses with
a very fast rate of rise (dl/dt ~ 1013 A-s" 1 ) using passive elements and with an
energy recovery efficiency of at least 80%. Other major engineering problems
include electrode erosion due to both thermal losses from the plasma and alpha
particle deposition, and a blanket structure to withstand repetitive shocks. One
nuclear blanket configuration considered involves the use of a vortex of liquid
lithium acting as breeder and coolant. Since the D-T fuel is at high pressure,
a pressure vessel similar to that required for a PWR would surround the reactor
structure. Whilst the study is far from completion, it was suggested that, subject
to certain assumptions, the Z-pinch might lead to a relatively small and simple
magnetic fusion reactor with a power density somewhat greater than that of a
PWR, but there was no evidence to support the claim that this system would be
economically attractive.
The novel feature of the advanced ICF reactor Takanawa-I (H-III-4) is that
it uses a D-T ignitor inside a D-D fuel pellet. After compression of the target,
ignition occurs at a temperature of around 10 keV and the D-T reactions heat
the remainder of the target to temperatures in excess of 100 keV for the D-D
reactions to become effective. The majority of tritium generated in these
reactions will be burnt within the pellet, the remainder being sufficient to
maintain the fuel cycle without external breeding. Simulations of the pellet
burn show that the required amount of tritium is less than 3% of the quantity
of deuterium fuel and that an internal tritium breeding ratio higher than unity
can be achieved when PdRd is greater than 10 or 15 g-cm" 2 , although this
requirement is a factor of three higher than is necessary for a conventional
D-T pellet. The fusion gain in the pellet is relatively low (~200) and therefore
a high efficiency driver (~20%) is required for such a system; a particle beam
driver was briefly discussed as one of the candidates. Another novel feature of
the reactor is the proposed use of silicon carbide for the reactor vessel which
would be protected by a falling curtain of liquid lead. A claimed advantage of
this construction is that all the materials have low induced radioactivity
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(lCT6 Ci-W"1 after one year) and therefore problems of remote maintenance
are mitigated, but the calculations did not include the effects of impurity
elements which might be very significant.
Another new approach to fusion reactors is the possibility of muon
catalysed fusion, and this topic was treated at the Conference in a paper
presenting a muon catalysed hybrid fusion-fission reactor (H-II-1). It has been
known for several years that it is possible to catalyse fusion reactions in molecules
by reducing their size by binding them with negative muons. The prospect of
achieving a net energy gain in this way has improved in recent years as new
theoretical work and experimental evidence suggested that a muon may catalyse
as many as 100 fusion reactions during its lifetime, which is typically 2 ps. It is
now suggested that the additional energy multiplication possible in a hybrid
system is sufficient for such a combination to lead to a net energy gain. A
synergistic concept was proposed in which a 3 GeV tritium beam was injected
into high pressure D-T gas flowing through a magnetic mirror. Pions, which are
created within the magnetic field, are confined and decay into muons. A 1 GW
power reactor would need about 2 kg of tritium contained in a 20 cm radius
mirror at half the density of liquid hydrogen, which corresponds to a pressure
of 1500 atm. The nuclear blanket would breed sufficient fuel to support five
similarly sized fission reactors, and with an accelerator efficiency of 60% and a
recirculating power fraction of 13% an overall energy gain of 13 appears possible.
If the latest measurements of 160 fusion reactions per muon were assumed, this
gain would be correspondingly higher.
The fourth reactor system based on an alternative confinement configuration is a compact torus formed by the injection of plasma rings at either end of
a magnetic mirror (H-II-2). Such a system should be able to contain a high beta
plasma, but the energy confinement times would be reduced by lower hybrid
drift instabilities caused by the steep density gradients. Nevertheless, parameters
were proposed for a quasi-stationary reactor in which plasma injection at a
frequency of 1 Hz resulted in limitation of cyclic variations in power output
to 15%; such a reactor would have a magnetic energy requirement an order of
magnitude less than a tokamak reactor of equivalent output. A further development of this concept involved the possibility of a transition from low temperature operation (10 keV) with D-T fuel to high temperature operation (50 keV)
with D- 3 He fuel over a period of many cycles.
In summary, for all such alternative reactor concepts, either very large
extrapolations of physics performance or the solution of difficult engineering
problems must be assumed. Despite optimistic assumptions regarding the
efficiencies of the major components or processes, none of these concepts has
substantiated claims to generate cheaper fusion power. The development of
such reactor concepts should be encouraged, but, so far, no alternative to
reactors based on the conventional magnetic confinement systems appears
convincing.
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ALTERNATIVE FUEL CYCLES

Mention has already been made of the use of D-T drivers in D-D targets
for an ICF reactor, the use of D- 3 He fuel in a compact torus, and the incorporation of fissile fuel production in muon catalysed reactors. There remains the
discussion of D-D based fuel cycles, which have the advantage that full tritium
breeding is no longer an essential requirement. However, the difficulty with
such concepts is that more exacting plasma confinement criteria must be
achieved. A discussion of deuterium based fuel cycles was presented at the
Conference (H-III-9) which is general in that it is applicable to any steady state
confinement geometry but detailed in that it includes all possible plasma
components. Calculations of thermal and suprathermal energy distributions
and of synchrotron radiation were included and for the numerical computations
an extensive data file was developed which includes the relevant cross-sections
and reaction rate parameters. Results were presented for various types of fuel
and operational modes, but the major conclusion was that only a few deuterium
based fusion alternatives deserved further attention unless highly specialized
applications are envisaged.

5.

TECHNOLOGICAL DEVELOPMENTS

Three major areas of technology were covered - superconducting magnets,
neutral beams and high heat flux components such as those required in a divertor.
In addition, practical experience in commissioning the large fusion experiment
MFTF-B was reported.
There has been significant progress in the development of superconducting
magnets, and activities reported at this Conference include the development of
new materials and technologies required for the Japanese Fusion Experimental
Reactor (FER) (H-III-6), results from the international Large Coil Task (LCT)
at Oak Ridge National Laboratory (H-I-4), and the initial operation of the
superconducting tokamak TRIAM-1M (H-II-3).
The steady state toroidal field coils proposed for FER (H-III-6) are
9 m X 11 m in size and the pulsed poloidal field coils are up to 20 m in diameter.
The toroidal field coils will have a peak magnetic field of 12 T, and the present
design employs intermetallic niobium-tin conductors. However, alternative superconductors have been investigated, including modifications of the alloys niobiumtitanium or vanadium-titanium which must be operated at superfluid helium
temperatures to obtain high enough critical fields, and the less well known Laves
phase compound V2(Hf,Zr) which also offers attractive current densities at these
low temperatures. Development of these materials is still in the early stages, but
they have the potential of improved performance for future applications. The
performance of coils cooled with superfluid helium may be more dependable
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than that of coils cooled by pool boiling, and alloy superconductors may be
more reliable than the brittle intermetallic compounds in large reactor
components.
Large scale testing of toroidal field coils is being undertaken in the LCT
(H-I-4), which includes six coils of 4.5 m X 3.5 m size, each of which weighs
40 t. The coils have been built in the USA, the Federal Republic of Germany,
Switzerland and Japan. Both niobium-titanium and niobium-tin superconductors have been used and the coils are operated with both pool boiling
and internal cooling with liquid helium at a pressure of 15 atm. There are other
alternatives of construction — pancake or layer windings, stainless steel or
aluminium structures, adiabatic or cryogenic stabilization - and all are fully
instrumented. Since testing began in February 1986, each of the six coils has
been tested individually at its full rated current, although in this situation the
coils do not experience the full design magnetic field. Each of the coils has been
subjected to local internal heating in order to study stability and to test protection systems. More recently, all six coils have been successfully tested together
at full current, generating a field of 8 T, and they will soon be subjected to
pulsed external fields in a simulation of normal tokamak operation. Successful
completion of the programme will go a long way towards demonstrating that
suitable superconducting technology is available for a Next Step Tokamak.
Another important demonstration of the successful development of superconducting magnets is the operation of the TRIAM-1M tokamak at Kyushu
University (H-II-3). The sixteen D-shaped toroidal field coils of this tokamak
experiment have a bore of 0.44 m X 0.67 m and a major radius of 0.85 m, and
generate a magnetic field on the plasma axis of 8 T and a peak field of 11 T.
The niobium-tin conductor is bonded to a high-purity aluminium stabilizer
and is cooled by pool boiling helium. A notable feature is the high average
current density of 57 A-mm" 2 . First operation was in June 1986, and the
magnet has been operated at full field with plasma currents up to 150 kA. For
comparison, the only other operating tokamak with superconducting toroidal
field winding is T-7 at the Kurchatov Institute, which has niobium-titanium
conductors producing a magnetic field on the plasma axis of 3T (H-III-10).
However, in 1988, both the Tore-Supra tokamak at CEN de Cadarache and the
T-15 in Moscow should be operational.
Neutral beam injectors based on positive ion sources are a fully developed
technology and are used in the majority of the world's fusion experiments,
including injection into the three large tokamak experiments. For example,
on JET, 80 keV deuterium beams are injected at a power level of 10 MW for
pulse lengths of up to 7 s. However, Next Step tokamaks and power reactors
will require higher injection energies because of their larger physical size and,
since the neutralizer efficiency for positive ions decreases with increasing ion
energy, it will be necessary either to add efficient energy recovery of the nonneutralized beam or to use negative ion sources which allow substantially higher
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neutralization efficiencies. For FER it is proposed to inject a 200-500 keV
beam at a power level of 20 MW for both plasma heating and plasma current
drive, with steady state capability (H-I-3). Preliminary experimental results
suggest that a suitable negative ion source can be developed. Furthermore,
because of the low beam divergence of 0.3°, a 20 m long beam tube/neutralizer
could be used so that the ion source would be far removed from the reactor
and would suffer minimal radiation damage. With this configuration it is also
possible to adjust the beam profile by a magnetic controller and thus to
influence the beam current profile which affects beta limits, sawtooth activity
and disruptions. Conceptual design studies have also considered the possibility
of steady state current drive in FER for which 70 MW would be required to
drive a plasma current of 5.7 MA.
A far less advanced technology is the use of high heat flux materials and
components to overcome plasma-wall interactions, either on the wall of the
plasma containment vessel or on a divertor. The demands on divertor target
materials are most severe because the particle flux and its associated power
loading are not only concentrated on a small area but also poorly defined since
they depend on plasma processes in the cool edge of the plasma and in the
divertor chamber. One solution to the latter problem has been examined and
a 'super high density' regime of divertor operation has been proposed for a
tokamak reactor in which a dense radiating plasma is formed in the divertor
chamber but remote from the target (H-III-10). Under these conditions the
plasma close to the divertor target is a cool, weakly ionized gas blanket in which
recombination and multi-body interactions occur and from which neutral gas
can be exhausted. This regime is more extreme than the similar regime proposed
for the INTOR divertor. However, at the present time, all such possibilities can only
be examined in computer models based on general assumptions about the
boundary plasma and remain to be demonstrated in practice.
The problem of surface coatings for high heat flux components was discussed
and illustrated by experiments on titanium carbide deposited on molybdenum
(H-III-5). High heat fluxes and high temperatures result in a variety of phenomena, including vaporization, melting and chemical interactions between the
layer and the substrate. Under steady state conditions, diffusion results in the
formation of complex compounds which may have high vapour pressures; in this
particular case, titanium was lost from the coating. At higher heat fluxes the
interface compound may melt, enhancing chemical reactions and the propagation
of the diffusion zone, with a rapid increase of the loss of titanium. It is concluded
that additional test facilities are essential for further investigation of these problems
and their solution.
Two of the three technologies described in the above paragraphs - large
superconducting magnets and high power neutral beam injectors - have been
demonstrated in the MFTF-B acceptance tests (H-III-2). The completion of
this major tandem mirror experiment, with a vacuum vessel 58 m in length and
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a superconducting magnet weighing 1050 t, has been a major engineering achievement. The machine contains 24 superconducting coils in a linear array with a
central field of 1.26 T and 16 end-mirrors with magnetic fields up to 12 T. Despite
substantial magnet movements during cooldown and owing to magnetic loading,
the largest field alignment error under full operating conditions was only 3 mm,
as determined with an electron beam technique. Absolute values of the
magnetic field, determined with nuclear magnetic resonance techniques, were
found to be within 2% of the predicted values. Two of the 80 kV neutral beam
injectors were tested at a power level in excess of 5 MW for half-second pulses.
The satisfactory operation of these and other components demonstrates the
high level of engineering which is now achievable in large and complex fusion
devices.

6.

ENVIRONMENTAL ISSUES

The environmental and economic implications of fusion are subjects which
have received widespread attention in 1986. It is no longer possible to justify
fusion research by simple statements that fusion is a clean and cheap source of
energy. There is pressure from the public and from governments who want
quantified statements of the risk and cost of fusion power. A report on this
topic was published by the Atomic Energy Society of Japan in March 1986.
In the European Community, statements are being prepared at the request of
the European Parliament, and a major document comparing fission and fusion
is in preparation in the USA. Public awareness of the hazards of nuclear power
as a result of the Chernobyl accident causes questions to be asked about fusion
as well as fission power, and the fusion community will be wise to listen to these
questions and to answer them carefully and accurately.
On the positive side, it can be demonstrated that most proposed fusion
reactor designs have significant safety and environmental advantages over fission
reactors. For example, preliminary information from the American study on
Environmental, Safety, and Economic Aspects of Magnetic Fusion Energy
(ESECOM) presented at the Culham meeting suggests that in an accident releasing
a given fraction of the radioactive inventory the resulting whole-body dose at the
site boundary would be a factor of 10-100 lower for a fusion reactor than for a
liquid metal fast breeder reactor. Furthermore, 'intruder doses' resulting from
buried wastes, for a period of between 100 and 1000 years, are expected to be
a factor of 10-100 lower, provided low-activation steels or more advanced lowactivation structural materials are used.
Of the several areas of concern, including the tritium inventory and its
containment, structural activity and its implications for occupational and public
exposures, as well as possible accidents and their consequences, only one area
was considered at the Conference (H-I-5). It was shown that the activity of
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structural materials such as steel can be reduced by elemental modifications,
but that the benefits relate to long-term issues, such as waste disposal and the
possibility of material recycling, rather than to reduced exposures during
maintenance or in accident situations.

7.

CONCLUSIONS

In summary, technology has developed on a broad front as a result of both
the successful construction of large plasma physics experiments and programmes
specifically designed to prepare for the needs of Near Term Tokamak Reactors.
The prospects for building these reactors are still reasonably good, subject to
continuing progress in plasma physics, but progress may be slower than enthusiasts
would wish and at a cost that governments may not easily accept. The prospects
for future commercial reactors appear less certain, and reactor studies have not
progressed markedly in the past two years. The tokamak is not an ideal reactor
system and many alternatives are still being proposed, but in most cases either
the physics basis or the engineering embodiment are too weak to support
convincing conceptual designs. Finally, there is a growing need to quantify the
safety and environmental advantages of fusion. If the task of developing a safe
and economic fusion reactor appears daunting, however, it should be remembered
that major advances in plasma physics and fusion technology have been
demonstrated at this Conference and that continuing progress can bring success.
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