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FOREWORD 

The continuing progress of fusion research towards its ultimate goal of 
commercially viable power was reported at the Tenth IAEA International 
Conference on Plasma Physics and Controlled Nuclear Fusion Research. This 
progress extends to all approaches to controlled fusion and fusion technology, 
particularly in the area of tokamak experiments. The first results reported by 
the two new-generation tokamaks, the Joint European Torus (JET) and the 
Tokamak Fusion Test Reactor (TFTR) in the United States of America exceeded 
expectations. 

This series of conferences is organized bienially by the IAEA. The Tenth 
Conference was held from 12 to 19 September 1984 at the Imperial College 
of Science and Technology in London. It was organized by the Agency in 
co-operation with the United Kingdom Atomic Energy Authority's Culham 
Laboratory and the JET Joint Undertaking, to whom the Agency wishes to 
express its gratitude. The conference was attended by 531 participants and 
46 observers from 37 countries and 5 international organizations. At the 
technical sessions, which included 6 poster sessions, 171 papers were presented. 
Contributions were made on theory, magnetic and inertial confinement systems 
and related technology. The conference opened with the traditional Artsimovich 
Memorial Lecture. 

These Proceedings, which include all the technical papers and five con
ference 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. 
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Abstract 

CANNONBALL TARGET EXPERIMENT WITH THE GEKKO LASER SYSTEM AT ILE 
OSAKA. 

The GEKKO series glass laser systems are now in operation for the Cannonball target 
experiments. GEKKO XII is a twelve-beam 30 kJ, 50 TW laser provided with two target 
chambers. Three types of GEKKO lasers cover the UV, blue, green and red frequency ranges. The 
Cannonball target displays an excellent performance in implosion. Two kinds of Cannonball 
target are proposed: the plasma Cannonball and the radiation Cannonball. The neutron yield 
is 4 X 1010, and the DT fuel density attains 10 g-cm - 3 . - Laser-to-X-ray conversion has been 
investigated. Cryogenic target implosion has been performed by using a tailored laser pulse to 
produce the flush at the core. — Various kinds of new diagnostics are being developed. 

1. INTRODUCTION 

The GEKKO Nd glass laser system has been completed for implosion 
experiments using Cannonball targets. GEKKO IV is a four-beam 1 kJ laser in 
green and UV. GEKKO Mil is a two-beam 2 kJ laser in blue. GEKKO XII is a 
twelve-beam 30 kJ, 50 TW laser in red and green with two target chambers. 

The Cannonball target has introduced excellent performance into implosion 
physics. Several of its features prevail, such as good absorption, excellent 
uniformity, high compression efficiency, and suppression of preheating. The 
implosion experiments using the GEKKO laser system for Cannonball targets were 
performed to obtain a neutron yield of up to 4 X 1010 and a DT fuel density of 
10 g-cm-3. The experimental data are being improved [1 ]. The cryogenic 

3 
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FIG.l. GEKKO XIIglass laser system: twelve beams, 50 TW, 30 U. 

deuterium target has also been irradiated by a tailored laser pulse to flush the centre 
core of the pellet. A large-aspect target was used to check the stability of the 
compression by using a long laser pulse in the ablation mode. 

Various diagnostics have been developed, including nuclear activation 
method, neutron streak camera, X-ray tomography, URA camera, etc. The 
diagnostics are connected to the large computer system which enables us to 
compare the experimental data with the simulation results on a real-time base. 

The conceptual design of an inertial-confinement fusion reactor has been 
investigated. The ignition conditions for the Cannonball target are also estimated. 

2. GEKKO SERIES DRIVERS 

GEKKO XII is a neodymium-doped phosphate twelve-beam glass laser system. 
The output beam has 1.05 /mi wavelength, 30 kJ in 1 ns, 50 TW in 100 ps; the 
output diameter is 35 cm. The beam energy balance is kept to ±2% [2], Figure 1 
shows the laser layout. It has two target chambers: one is for uniform green 
irradiation and the other for two-bundled-red irradiation. The blue beam one will 
soon be introduced. Figure 2 shows target chamber I for uniform irradiation. The 
twelve beams can be shifted by switching mirrors from one chamber to the other 



IAEA-CN-44/B-I-1 5 

FIG.2. GEKKO XII target chamber I: uniform irradiation. 

within a minute or so. All beams are automatically collimated to the target through 
F/3 aspheric lenses, of 105 cm focal length. Pointing and centring of the beams 
is performed by the final turning mirrors set at a distance of 10 m from the 
focusing lens. The focusing-spot diameter of the beam is about 50 ;um. As we use 
various types of Cannonball targets with many inlet holes, sophisticated beam 
handling automation techniques are adopted. The whole laser system, the target 
setting system and the diagnostics are controlled by ACOS MS-50 and FACOM 
S-3300 minicomputers. 

The GEKKO Mil glass laser is a two-beam blue system which is mainly 
destined for basic research on the Cannonball. It can deliver 2 kJ in 1 ns and 3 TW 
in 100 ps. The beam diameter is 20 cm. This laser was built as a prototype 
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system for GEKKO XII. GEKKO IV glass laser is a four-beam system in green and 
UV. It can deliver 1 kJ in 1 ns and 2 TW in 100 ps and is mainly used for funda
mental laser-plasma interaction experiments. 

Avoiding interference fringes of the coherent beam, we set a random phase 
mask on the focusing lens to attain soft irradiation on the target. It can reduce 
the production of hot electrons in the target. 

3. CANNONBALL TARGETS 

As is well known, the Cannonball target can display good absorption, high 
compression efficiency and excellent uniformity. We have proposed two types of 
Cannonball targets: one is the small-cavity Cannonball for plasma pressure 
compression and the other one is the large-cavity Cannonball for converted X-ray 
compression. 

As to the small-cavity Cannonball [3], the compression efficiency Vc is 
given by 

2 3 
T?c = VaVh = ~ î?a£co (1) 

where 7?a is the absorption efficiency, ??h the hydrodynamic efficiency, £co 

the aspect ratio of the Cannonball (£co = rin/rout), and rjn and rQut a r e the radii 
of inner and outer shell, respectively. The small-cavity target has a higher 
compression efficiency. 

One of the most important features in Cannonball targets is the closure of 
the beam inlet hole due to plasma formation. The relation of the hole diameter 
and the energy deposition is being thoroughly investigated. 

Various Cannonball targets are being studied, such as two-hole, four-hole 
and twelve-hole targets. Each target must have a detailed specification of dimensions, 
coating, hole size and hole position so as to fit the exact beam irradiation. The 
typical specifications of the Cannonball are: inner shell diameter 150 to 400 ¡xm, 
outer shell diameter 800 to 1600 jum, inlet hole diameter 200 to 500 ¡xm, DT 
pressure 10 to 50 atm and various coatings on the shell. 

4. CANNONBALL MODE IMPLOSION 

Absorption experiments of the laser beam in the Cannonball targets have 
been performed. The irradiation to the inner fuel shell is called direct irradiation. 
The laser beam directed at the inner surface of the outer shell is termed indirect 
irradiation. The absorption is estimated from a precise light calorimeter measure
ment on the scattered light and from plasma calorimeters. Figure 3 shows the 
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FIG.3. Absorption rate for various targets. 

absorption characteristics. The Cannonball target shows an increase of absorption 
up to 80% at higher intensities of the laser beam. This feature is a very interesting 
one for this target. 

As to the high-temperature neutron yield experiment, we have measured 
the explosive implosion. Figure 4 shows the neutron yield of various targets under 
high-power short-pulse irradiation. The Cannonball target seems to have a one-
order-higher neutron yield as compared to the simple explosive-type target. The 
highest ion temperature is observed for the direct twelve-hole Cannonball target. 
The spread of the neutron signal indicates the ion temperature to be 10 ke V. 
The neutron yield of the DT target is 4 X 1010. 

4.1. Plasma Cannonball experiment 

A small-cavity Cannonball target is driven by the accumulated plasma pressure 
which depends on the absorbed energy: 

p = 2Ea/3AV0 (2) 

where p is the pressure, Ea the absorbed energy, and AV the initial cavity volume. 
This relation has been confirmed experimentally. 

The implosion dynamics is measured by an X-ray streak Camera. The streak 
photograph of a two-hole plasma Cannonball irradiated by 25.8 TW in 100 ps is 
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compared to the simulation results in order to clarify the details of the implosion 
physics. Three X-ray flushes are observed, which correspond to the time of the 
laser peak, the time of the reflected compressed wave for hitting the pusher, and 
the time of the plasma compression wave for hitting the pusher. The neutron 
yield appears to be twofold, corresponding to the twofold compression. In 
this case, the pusher thickness is so small that preheat is observed. The pusher 
expansion produces the first compression, and the cavity plasma pressure sustained 
by the tamper induces the second compression. Preventing preheat by increasing 
the pusher thickness, we expect a high-density compression when the two 
compressions tend towards one implosion only. 
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FIG. 7. X-ray-pinhole and streak images of double-shell Cannonball target. 

The effect of the pusher area mass density on the fuel preheat has been 
studied. The experimental preheat fuel temperature T is estimated from the 
adiabatic process given by T = T0(p/p0)2/3, where T is the temperature after 
compression measured by X-ray spectroscopy, and the compression ratio p/p0 is 
also given for reference. Figure 5 shows the relation between compressed fuel 
density, neutron yield, and initial pusher area mass density. 

Preheat has a strong influence on the compression data. The compressed core 
density increases with increasing pusher area mass density pAR. A core density of 
about 10 g-cm-3 is obtained for pAR = 6.2 mg-cm~2, where the preheat temperature 
is estimated to be 5 eV. There is some discrepancy in the neutron yield between 
experiments and simulation results. A detailed analysis of the compressed core 
structure has been carried out by using computer tomography. 

The plasma Cannonball target shows a tendency to produce hotter electrons 
in the cavity. In Fig.6, typical X-ray spectra are given for various targets. In these 
data, the two-hole Cannonball shows the highest electron temperature. In this 
sense, the shorter-wavelength laser is still preferable to the Cannonball target 
experiments. 

The most advanced Cannonball target is a 'double-shell Cannonball', which 
has a double-shell target inside a tamper shell with two holes. Figure 7 shows an 
X-ray pinhole picture and an X-ray streak picture of the compression of this target. 
Very strong uniform compression with a DT fuel density of 8 g-cm-3 and a 
neutron yield of 9.8 X 107 is achieved by a 2.5 kJ, 100 ps laser pulse. This is due 
to the big cavity for laser injection which accepts a large amount of energy as 
well as to the vacuum insulation which prevents hot electrons. 
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4.2. Radiation Cannonball experiment 

When the laser light is converted to X-rays on the high-Z surface, the radiation 
Cannonball experiment can be performed. In this case, we may expect very uniform 
and efficient compression. 

We have investigated the X-ray conversion process by simulation and experi
mental techniques. Adopting the non-local thermodynamic-equilibrium average 
ion model and multi-group radiation transports the ID hydrodynamic Lagrangian 
code HIMICO and the 2D particle-in-cell code IZANAMI are employed. 

An interesting feature appears in multi-layered absorbers. With the target 
consisting of Si02 and CH, the high-energy (hv « 700 eV) and the low-energy 
(hv » 50 eV) parts of the incident soft X-rays are absorbed in the Si02 layer, 
because of K- and L-shell absorption edges of the oxygen ions. The spectra surviving 
from this layer could be deposited in the CH layer, because the K-shell edge of 
carbon is located at h^ ^ 300 eV. Hence, for the radiation from laser-produced 
Au plasma or the blackbody radiation whose radiation temperature is about 
100 eV, the bulk energy will be absorbed at the interface between the two 
layers [4]. 

5. DIRECT MODE IMPLOSION 

5.1. Heat transport analysis 

The heat transport in a large spherical target irradiated by a high-intensity 
laser beam has been a current topic of research, from the point of view of laser ablation 
characteristics. Large spherical targets are irradiated by a relatively long laser 
pulse ( >500 ps); they are coated by multilayers including very thin high-Z 
tracers (0.1 pun CHC1 and/or Mg). The X-ray streak photographs and the spectral 
measurements of the tracers yield the mass ablation rate and the spatial profiles 
of the temperature and the density of the ablating plasmas. 

The temperature profile is determined by the line intensity ratios of the CI 
lines (H-a and He-a, and/or Li-like satellite He-a) and the He-a and its intercombina-
tion lines. The experimental profiles are compared with the simulation results for 
various flux-limiting factors. Since the measured profiles are in the critical region, 
they are sensitive to the cold-electron flux limiter, fc, but not to the hot-electron 
limiter, fh. The comparison between experiments and simulations yields 
fc = 0.06, where fh = 0.03 in the simulation. 

On the other hand, the mass ablation rate is sensitive to the hot-electron 
transport in our experimental parameter region (IL^-L ^ 5 X 1014 W-jum2-cirT2) 
since the resonance absorption is dominant. The results of Fig.8 indicate that fh 
is less than 0.1. The absorbed laser intensity scaling of Fig.8 agrees reasonably with 
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Flux Limiter Dependence of Mass Ablation Rate 
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FIG.8. Mass ablation raie for spherical target. Broken and solid lines are simulations with hot-
electron flux limiters of 0.1 and 0.01, where fc = 0.03 is fixed. 

other laboratories' results [5, 6]. Our experiments suggest that both fc and fh are 
significantly reduced; they amount to 0.06 and 0.03 — 0.01, respectively. 

5.2. Cryogenic target and tailored laser pulse 

Cryogenic targets have been imploded by using a tailored laser pulse which 
consists of three Gaussian pulses with 300 ps FWHM. The first and second pulses 
are stacked to generate an almost flat top pulse with 630 ps pulse duration. The 
intensity of the pulse is about 4 X 1014 W -cm-2, which is chosen to drive a 
relatively cool ablative compression for glass microballoon targets with diameters 
from 370 to 400 jum and thicknesses from 2 to 4 ¿urn. The third pulse is 
introduced mainly to measure the compressed core. The timing of the third pulse, 
whose intensity is four times greater than that of the previous pulse, is adjusted so 
that the shock wave driven by the third pulse arrives at the pusher-fuel interface 
near the maximum compression. The shock-heated region emits X-rays. It was 
confirmed that no X-ray emission was observed at maximum compression without 
the third pulse. During the shock wave propagation in the low-density blow-off 
plasma, the X-ray emission produces the outer ring image as shown in Fig.9. 
When the shock comes near the pusher-fuel interface, where the simulation result 
shows an ion density of (2-3) X 1023 cm-3, the opacity of the radiation becomes 
relatively thick. Hence, it creates the centre core image as shown in the figure. 
The compressed core size was determined from the bottom size, out of the centre 
core image. The intensity and the timing of the third pulse are chosen so that they 
do not affect the implosion core driven by the previous pulses. 
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Both experimental and simulation results indicate that the cryogenic fuel 
leads to relatively higher compression density although further studies in this field 
are required. It should also be noted that higher compression can be achieved by 
increasing the energy of the third pulse and choosing a suitable timing. 

5.3. Large-aspect-ratio target 

Large-aspect-ratio targets have been imploded by using a 1 ns Gaussian pulse 
and a 2 ns pulse stacked with two 1 ns pulses separated by 1 ns. The aspect 
ratios of the GMBs are 164 to 290, where the diameter is 400 to 566 jum. 

An ablatively accelerated target motion is clearly observed in the self-
emitted X-ray streak picture. Typical X-ray pinhole and streak images are 
shown in Fig. 10. This target motion is well recovered by ID simulation by 
HIMICO. A hot spark of 72 jum diameter is observed at the centre of the pellet; 
it may be due to a reflected shock wave. From the velocity of the reflected shock 
wave and the implosion velocity of the pusher, the temperature of the hot spark 
is estimated to be 300 to 600 eV. This kind of phenomenon is, in some 
sense, a simulation of the ignition process. 

The dependence of the implosion velocity on the target aspect ratio has been 
studied. The implosion velocity increases with increasing aspect ratio at a laser 
intensity of (1.9-7.5) X 1014W-cm"2. An implosion velocity of(1.4±0.2) 
X 107cm-s_1 is observed for an aspect ratio of 150—200. An ablation pressure of 
6 Mb is estimated for a laser intensity of 5 X 1014 W -cm-2. 

A volume compression ratio of 1000 and a fuel core density of 1.4 g • cm -3 

are obtained with a laser energy of 5 kJ in 1 ns and 8.5 atm DT-filled GMB of 
462 /xm diameter and 1.43 /xm thickness. 

6. CONCLUSIONS 

The world's largest system of this kind, the GEKKO XII 50 TW, 30 kJ glass 
laser, has been operated for the Cannonball target experiment. The LEKKO VIII 
C02 laser and the REIDEN IV light-ion beam driver are also used in implosion 
experiments in order to do a comparative study of the compression physics. 

The Cannonball target manifests excellent features such as high energy deposi
tion in the cavity (up to 80%), high compression efficiency (about 10%), and 
excellent uniformity of compression. The plasma in the cavity contains hotter 
electrons than the simple ablative target. 

The plasma Cannonball target is a type of small cavity which can be 
compressed for a long time by the accumulated energy in the cavity. The 
radiation Cannonball target has a large cavity whose outer tamper is irradiated by 
the laser on its inner surface. The converted X-ray produces ablation on the pusher 
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shell which contains the DT fuel. The optimization of pellet design is going to 
combine the effects of the two types of Cannonballs. 

The neutron yield is 4 X 1010, and the DT fuel density attains 10 g-cm-3 

by using a simple Cannonball target. 
The double shell in the Cannonball target shows very interesting features in the 

implosion experiment. 
As to the direct mode of ablation, the heat transfer inhibition is investigated 

by using the density and temperature profiles in the compression structure as 
well as the mass ablation rate. 

The cryogenic target irradiated by a tailored laser pulse maintains its 
structure in the compressed core; otherwise, the emission from the core would 
normally be too weak for data detection in the core. 

A large-aspect-ratio target is ablated to check the stability of implosion. This 
type of target can attain a compression ratio larger than 1000. 
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DISCUSSION 

R.L. McCRORY: What are the highest density and ion temperature you 
have achieved with any implosion method using 1054 nm or 527 nm light on 
GEKKO XII? 

C. YAMANAKA: In the first experiment on GEKKO XII using the red light, 
the fuel density was 10 g/cm3 with the compression mode, and the ion temperature 
was 10 keV with the neutron mode. 

R.L. McCRORY: What do you ultimately expect to achieve for these para
meters on GEKKO XII? 

C. YAMANAKA: We expect to achieve 100 g/cm3 with the blue light of 
GEKKO XII. 

S. WITKOWSKI: Have you estimated the temperature in the high-density 
case of cannonball targets where the density is 10 g/cm3? 
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C. YAMANAKA: The temperatures achieved with our compressed-core fuel 
density of 10 g/cm3 for DT were between 600 eV and 1 keV. 

S. WITKOWSKI: Figure 4 shows a diagram of the neutron yield as a function 
of the incident energy per pellet mass. Does this energy relate to the mass of the 
complete cannonball target or only to that of the fuel pellet inside the cavity? 

C. YAMANAKA: When identifying that part of the energy which is deposited 
on the fuel, it should be remembered that comparison between the usual target and 
the cannonball target is rather difficult because the cannonball has a double shell. 
One must therefore try to find out how much energy is distributed between the 
outer and inner shells. In the ideal case, the outer shell stands still and all energy 
goes into the fuel pellet but, at the moment, our cannonball target, which has a 
plastic exterior, warms up and energy is shifted to the outside. The estimate is 
therefore made from the mass ratio, i.e. from the extent to which the energy is 
deposited on the inner shell. 

M.H. KEY (Chairman): I think it is a very fine achievement by the 
ILE Osaka Laboratory to have progressed to the point of carrying out novel 
experiments at laser power levels higher than those attained in any other 
laboratory. 
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Abstract 

PROGRESS IN INERTIAL CONFINEMENT FUSION AT LAWRENCE LIVERMORE 
NATIONAL LABORATORY. 

The Inertial Fusion Program at Lawrence Livermore National Laboratory has two goals: 
to study matter under extreme conditions of temperature and pressure and to produce fusion 
energy from inertially confined fusion fuel. The conclusion of recent multi-kJ, 0.53 jum and 
0.26 /um experiments on Novette has demonstrated vastly improved plasma conditions over those 
previously obtained at LLNL with similar energies at 1.06 jtim and elsewhere with 10 jum 
radiation. The lower preheat environment obtainable with short wavelength light has led to 
3 X improvements in the compression of targets on Novette compared to similar targets on 
Shiva with 1.06 ¿urn. Subsequent experiments on Nova with short wavelength light begin 
in 1985. They are expected to demonstrate the necessary compression conditions required 
for high-gain fusion to occur when irradiated with a multi-MJ driver. These recent results, 
together with improved calculations and innovations in driver and reactor technology, indicate 
that high-gain inertial fusion will occur and is a viable candidate for fusion power production 
in the future. 

The goals of the Inertial Confinement Fusion Program at the 
Lawrence Livermore National Laboratory are twofold. The first 
is to study matter under extreme conditions of very high tempera
ture, pressure and nonequilibrium local conditions. The second 
is to produce fusion energy from inertially confined fusion fuel 
to study the fusion process and to provide efficient energy pro
duction for electrical power. With recent experiments, the pro
gram has made great progress toward these goals and reached a 
new level of understanding. To place the program's results in 
perspective, I review its history. In the I960's the laser and 
the inertial fusion concept were invented, and development began. 

* Work performed under the auspices of the US Dept. of Energy under Contract 
No. W-7405-Eng-48. 
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FIG.l. View of the Novette laser facility. Target chamber is in the foreground and the two 
laser chains can be seen in the background. 

In the 1970's the first moderate size laser systems were designed 
and a variety of experiments were conducted to determine the 
important physics principles governing the target compression 
process. In this time period problems with long wavelength irra
diation were discovered. In the 1980's the goal is to demon
strate satisfactory control over the relevant physics of target 
irradiation and compression. We have already begun these demon
strations using the Novette laser and we plan to complete them 
using the soon-to-be-finished 100 kj level multi-wavelength Nova 
laser system. In the early 1990's we anticipate demonstrating 
efficient fusion burn and high gain in the laboratory with a 
future multi-megajoule laser fusion facility. 

The Novette Ndiglass laser system[l](Fig.l) was assembled 
on an accelerated schedule in 1982, in an existing laboratory 
building. The system contained Nova-style laser hardware and 
controls, the refurbished and modified Shiva target chamber, and 
a complete suite of target diagnostics, most of which came from 
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Shiva. Novette delivered 18 kilojoules in 1.05 um, 1 nano
second pulses which were then frequency-converted to the second 
or to the fourth harmonic. The 9 kJ at 0.53 ym focused on 
target made it by far the most powerful green light target irra
diation facility operating in the world, and the 1.5 kJ of 
focused UV radiation made it the most powerful UV laser in the 
world. Each of its two relatively compact arms has exceeded the 
total output of all of Shiva's 20 arms at 1 urn. Novette was 
assembled in well under a third of the time required to build 
Shiva, needs less than half of Shiva's manpower to operate, and 
has achieved a better shot rate on target. 

Each of Novette's two beam lines was optically yery similar 
to those in the Nova laser, so the emerging beams were 74 cm in 
diameter. Harmonic conversion takes place in two unique mosaic 
arrays of potassium dihydrogen phosphate (KDP) crystals. The two 
^4.5 TW green laser pulses so produced were focused onto tar
gets by two 74 cm aperture f/4 doublet lenses. A second array 
was used to double the 0.53 pmlight to produce 1.5 kJ of 
0.26)jmlight from one beam. About half of Novette's experi
mental time has been devoted to plasma physics studies whose aim 
is to better understand short wavelength driven inertia! confine
ment fusion. The balance was divided between high density implo
sion research and nonlocal thermodynamic-equilibrium plasma 
experiments. Novette provided a high energy density, flexible 
experimental facility which bridged the gap between Shiva and 
Nova while simultaneously probing each detail in the Nova design. 
As a test bed for the Nova laser, Novette provided the first 
operational test of split disk amplifiers and of harmonic genera
tion with large-aperture, multi-element KDP crystal arrays. The 
performance of Novette certified that the Nova laser will perform 
above the baseline specifications for the system. 

The recently completed, very successful series of inertial 
confinement fusion experiments conducted using the Novette laser 
provide an extension of the data base achieved on Shiva with 
10 kJ at 1.06pm wavelength in the late 1970's. Under short 
wavelength irradiation conditions, we have achieved a higher 
quality compression than ever before*, we have achieved fusion 
temperatures and pressures with very low preheat levels*, and we 
have measured the primary source of hot electron production in 
long scalelength plasmas. 

The plasma experiments conducted with Novette were specifi
cally intended to explore laser-plasma interaction physics in 
large, Nova-size plasmas. To do this, we used the Novette laser 
to irradiate solid (disk) targets and to explode thin gold or 
plastic foils. The disk targets produced axial plasma scale-
lengths that were hundreds of laser wavelengths long, and the 
foil targets produced plasma scalelengths of several thousand 
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FIG.2. Short wavelength light (0.5 ixm, 0.35 fjm and 0.26 ¡xm) is absorbed more effectively 
on disc targets than 1 ¡J.m light. This trend has been verified using the Novette laser over plasma 
dimensions ten times larger than those used in previous experiments. 

laser wavelengths. This is sufficient to approach or exceed the 
predicted thresholds for many laser-plasma instabilities. These 
successfully executed experiments showed that short wavelength 
light indeed couples in a very collisional fashion to the 
inertia! confinement fusion plasma leading to very low electron 
preheat levels. Figure 2 shows data taken with the Novette laser 
and compares it to previous data taken with Shiva, Argus at LLNL 
and with data taken at other institutions. These experiments 
continue to exhibit the very high absorption at shorter wave
lengths earlier at plasma scalelengths 10X larger than previously 
used. 

The lower preheat levels obtainable for a given laser 
intensity, and hence given drive condition, allowed us to compress 
targets to threefold higher densities[2]compared to similar 
experiments using the Shiva laser at 1.06 ym(see Fig. 3), 
Finally we have conducted a series of careful experiments to show 
that the source of hot electrons in the laser plasma interaction 
is primarily due to the Raman interaction at 0.1 critical 
density[3],Figure 4 shows that the production of hot electrons 
is directly proportional to the production of Raman-scattered 
radiation, which occurs near one-tenth of the critical density. 

These experiments further verify the reduction in the magni
tude and impact of laser-plasma instabilities that can be 
realized with short wavelength irradiation. The performance 
available with Novette has also allowed us to extend our short 
wavelength laser-plasma interaction data base toward obtaining a 
better understanding and quantification of instability thresholds 
and given us added confidence that we will obtain conditions 
suitable for driving high-gain ICF targets with short wavelength 
lasers. 
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FIG.3. 3X improvements in compression have been measured using the Novette laser. These 
improvements arise because the compression environment is free from preheat and thus purely 
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FIG.4. Correlation between hot electron production and Raman-scattered light is convincing 
evidence that the Raman instability is the principal source of hot electron preheat in ICF 
plasmas. 

The Nova laser (Figs 5 and 6) is designed to produce 80 to 
120 kJ of 1 ymlight, 70% of the 1 ymlevels at either the 
second harmonic or the third harmonic, and to do this with a 
high degree of controllable pulse shaping[4].This laser will 
be completed in the Fall of 1984. With this instrument we 
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FIG.5. Cutaway schematic of the Nova facility. 

expect to show that the laser plasma interaction is understand
able and acceptable over plasma scalelengths associated with 
reactor targets (̂ 1 cm). We also anticipate showing that tar
gets can be compressed to the necessary fusion conditions (except 
for sufficient fuel pr) which are 500X to 1000X liquid DT 
densities with the formation of a hot spot (the ignition source 
for the fusion capsule), and to show that the hot spot occurs 
with proper symmetry. 

The Nova experiments will provide the required data to set 
the size of a high gain test facility. We anticipate the high 
gain driver to be a 5 to 10 MJ laser producing a wavelength less 
than or equal to 1/2 micron, and providing complex pulse shapes 
with typically 10 nsec time variations. This laser will be used 
to drive a variety of target configurations for fusion as well as 
other experiments such as x-ray laser research, etc. On this 
system a variety of target designs can be optimized to reach as 
low an energy threshold as possible for fixed high gain. Also, 
target research would be conducted to reach the highest gains 
possible with a fixed energy input, as well as to design the 
simplest, cheapest targets for subsequent application in a 
reactor environment. Together with these planned target per
formance demonstrations, we are developing technologies based on 
high repetition rate, high efficiency solid systems, gas systems, 
and on the free electron laser. In addition, we are developing 
economical reactor technologies for commercial fusion and gain. 

Our ultimate objective is to apply inertial fusion tech
nology to the generation of commercial energy[5],It must be 
competitive with expected fission reactor technology and coal/ 
steam-turbine technology expected in the early 2000's. To make 
fusion competitive (both MFE and ICF) with these competing 
technologies, costs need to be reduced over those associated with 
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FIG. 6. Output section of the four Nova beam lin es. 

present systems. Inertia! fusion physics permit competitive 
costs to be attained if we are able to take advantage of 
potential system performance improvements. Examples of these 
improvements may be: 

(1) achieve higher gain by improving the quality of the 
implosion. 

(2) reduce the energy threshold of the high gain reactor 
by using polarized fuel. 

(3) design drivers that are multiplexed to drive several 
reaction chambers at the same time, thus reducing their 
effective cost per reactor unit. 

(4) use the high quality heat of the fusion reaction to 
achieve a higher thermal conversion efficiencies than 
present steam cycle of ̂ 35%. 

(5) take advantage of potentially simplified reactor con
cepts available with inertial fusion processes by 
making them more compact and by using nonflammable 
heat transfer medium. 

With experiences of these last two years and with our projections 
for the future, we are confident that the inertial fusion process 
holds great potential for the future. 
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DISCUSSION 

M.H. KEY {Chairman): Can you say what-the preheat mechanism limiting 
the compression is at these maximum densities in the green light experiment? 

E. STORM: We believe that the dominant mechanism in the generation of 
fast electrons is the Raman instability. 

B. GOEL: You have said that the use of spin-polarized fuel will reduce the 
laser energy requirement by a factor of three. According to the formula shown 
in your presentation, this factor depends on pR. For what types of target, or 
what reactor size, is this factor of three valid? 

E. STORM: The estimates of the reduction in energy by a factor of three 
applied to high-gain (i.e. reactor) targets. 
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Abstract 

CONSTRAINTS AND ACHIEVEMENTS IN DIRECTLY DRIVEN LASER COMPRESSION. 
The simultaneous achievement of thermonuclear temperatures and densities of 1000 X solid 

by directly driven laser compression makes very high demands on the performance of the laser 
and on the fabrication of the targets. The degree of pressure multiplication in the implosion is 
limited by the symmetry and hydrodynamic stability of the imploding shell, which means that 
the laser is required to produce an ablation pressure of 50—100 Mbar, with low preheat and high 
hydrodynamic efficiency. These constraints have forced laser implosion experiments to shorter 
wavelengths, and the paper reports a series of experiments performed with the second harmonic 
output (green) of the Rutherford Appleton Laboratory six-beam Nd-glass laser, and on some 
preliminary results with the new twelve-beam system. The six-beam implosion experiments 
were performed with a laser energy of 250 J and an irradiance on target of about 2 X 1014 W-cm"2. 
Two different types of target were imploded: a thick-walled, low aspect ratio target designed for 
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good hydrodynamic stability, and a thinner wall target designed to reach thermonuclear tempera
tures. The low aspect ratio targets were diagnosed by pulsed X-ray backlighting, giving time-
resolved two-dimensional images oí the imploding shell. The symmetry of illumination of the 
target could be varied by changing the focusing conditions. The non-uniform illumination was 
observed in optical harmonic emissions, in X-ray emission from layered targets and in the sym
metry of the implosion shadowgrams. The peak compression observed was to less than 10% 
of the initial target radius, with measured core densities in excess of 10 g- cm"3. 

1. INTRODUCTION 

The achievement of significant thermonuclear yields from laser-driven 
implosion requires that a hollow spherical shell of DT fuel be compressed to 
about 1000 times its normal solid density (p0 = 0.224 g-cm"3) and simultaneously 
heated to temperatures of greater than about 3 X 107 K. The optimum fuel 
arrangement [ 1 ] has a high-temperature, relatively low density 'spark' surrounded 
by a colder, high density mass of fuel. The outer fuel mass is ignited by a-particles 
emitted from the thermonuclear reactions in the central spark. Irrespective of 
the details of the fuel configuration at the commencement of thermonuclear 
'burn', its pressure must be about 100-200 Gbar ((1-2) X 1016 Pa). 

This fuel pressure is much greater than can be produced by laser-driven 
ablation and is achieved by pressure multiplication in the implosion. Elementary 
mechanics shows that a flat foil of thickness AR, accelerated over a distance R by 
an applied pressure Pa, will achieve a stagnation pressure Ps = Pa(l 4- 2R/AR) 
so that high-pressure multiplication requires a high aspect ratio R/AR. In 
spherical geometry a pressure multiplication is also associated with the con
verging fluid flow. For a polytropic index y = 5/3, the Guderley [2] converging 
shock wave solution shows that a multiplication of (R0/R)0-9054 is achieved, where 
R0 and R are the initial and final radii. 

If a shell of aspect ratio 10 can be imploded with a spherical convergence of 
100 : 1, then the drive pressure required from the laser is 50-100 Mbar. High 
aspect ratios and better radial convergence reduce the drive pressure but at the 
expense of worsening the Rayleigh-Taylor instabilities [3] and demanding very 
uniform illumination. Simultaneously with the 50—100 Mbar drive pressure, it is 
required to have good laser absorption and low levels of preheat due to high energy 
electrons and hard X-rays. Laser wavelengths of 1 fim and larger are not capable 
of producing these high drive pressures without creating unacceptably large 
quantities of energetic electrons [4], and this has motivated the current trend to 
laser wavelengths of 0.53 jum and less. 



IAEA-CN-44/B-I-3 27 

2. IMPLOSION SYMMETRY 

The 100 : 1 spherical convergence given above requires that the implosion drive 
pressure be uniform to this figure. The uniformity with which a target can be 
illuminated by real laser beams and real optics is worse than this but, fortunately, 
some 'smoothing' occurs with the plasma atmosphere surrounding the pellet. The 
effectiveness of this smoothing depends largely on the separation D of the laser 
critical density surface from the ablation surface. In steady state ablation, 
numerical work by Gardner and Bodner [5] has shown this distance to scale 
as IX3,8, where I is the laser power density and X the laser wavelength. However, 
the current generation of experiments with kJ lasers does not reach this steady 
state, and the important quantity is the rate at which the critical density surface 
moves outwards, i.e. VD = 3D/3t. Numerical simulations with the MEDUSA 
code [6] have shown that VD <* IX2, so the 'penalty' for using short wavelength 
lasers is less than in the steady state calculations. 

This scaling is borne out in experimental measurements of foil acceleration 
by a deliberately non-uniform laser beam [7]. As the laser intensity is increased, 
the separation D increases and the resulting velocity modulation of the foil is 
less. Figure 1 shows the results for laser wavelengths of 1.06 jum and 0.53 //m. 
Laser irradiances of about (2—3) X 1014 W-cm"2 are needed to give significant 
smoothing at 0.53 ¡im. At this power density, the ablation pressure is about 
20 Mbar and there is very little fast electron preheat. 

0-1 

• * = 1-06^171 

O X = 0.53^/jm m + ++' .+ 

+ 
I—O—I 

»—O—I 
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FIG.L Thermal smoothing effects in a non-uniformly irradiated foil as measured by the ratio 
of maximum to minimum distances travelled by different parts of the foil. 
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550lim r „ 550 ^m 

FIG.2. Streaked X-radiograph of Rayleigh-Taylor instability in a laser-accelerated foil. 

3. RAYLEIGH-TAYLOR INSTABILITY 

The acceleration of the dense imploding shell by the low density ablation 
plasma is analogous to a heavy fluid supported by a light fluid and suffers from 
the well-known Rayleigh-Taylor instability. Compressibility, thermal conduction 
and the ablation flow are all expected to reduce the growth rate for the laser-
driven instability below the classical value, and there is an extensive literature of 
numerical simulations [3, 8-10]. 

The first measurements of the growth rate of the Rayleigh-Taylor instability 
in laser-accelerated targets were made at the Rutherford Appleton Laboratory [11] 
using aluminium foil targets with an imposed regular corrugation. When the foil is 
accelerated by three laser beams, the corrugations develop into modulations of the 
line-of-sight mass density, and stripes appear in the X-ray transmission images. 
Figure 2 is an X-ray streak photograph showing the development of these stripes. 
Analysis of the X-ray transmission gives the amplitude of the Rayleigh-Taylor mode 
as a function of time, as shown in Fig.3, with a growth rate of about 40% of the 
classical value for A = 1. 

A similar experiment on spherical targets enables the Rayleigh-Taylor growth 
to be viewed side-on. The targets are UV-laser etched plastic shells as shown in 
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FIG.3. Amplitude of the Rayleigh-Taylor instability as a function of distance travelled. 

Fig.4. Only one side of the shell is irradiated, the other serving as a position 
reference. X-ray shadowgrams taken after the etched side of the shell has moved 
a significant distance show the Rayleigh-Taylor 'spikes' extending back towards 
the focusing lens (Fig.5). The growth rate is measured from a succession of these 
pictures and, after correction for differential acceleration, a growth rate of about 
45% of the classical value is obtained. 

4. SIX-BEAM IMPLOSION EXPERIMENTS [12] 

Within the constraints of the available energy from the Rutherford Nd-glass 
laser, i.e. about 300 J at 0.53 jum, the following target parameters offer a good 
compromise between preheat, smoothing and Rayleigh-Taylor instability: 

R = 80 Mm 

AR = 8 /um 

p0 = 1.2 g-cm"3 (plastic polymer) 

I = 4 X 1014W-cm-2 (X = 0.53jum) 
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FIG A. Etched polymer shell targets used for Rayleigh-Taylor experiments. Modulation 
wavelength: 20 fxm. 

laser 

FIG.5. X-radiograph showing Rayleigh-Taylor 'spikes' projecting back towards the laser. 
Shot 14280 783; R0 = 91 urn; 7a = 2.7 X 1013; delay = 1 ns; S = 19 iim. 

The moderately low density, low-Z plastic shell minimizes X-ray generation 
and Rayleigh-Taylor instability while providing a low X-ray opacity for the X-ray 
backlighting diagnostic. The irradiance is high enough to give useful amounts of 
thermal smoothing without excessive preheat. 



IAEA-CN-44/B-I-3 

SHOT 04 ON 2 0 / 0 5 / 8 3 

31 

r1/2/r0 

0 10 2-0 3 0 4-0 T(ns) 

FIG. 6. X-radiograph of an imploding polymer shell. 

The uniformity of ablation was measured by coating a solid glass sphere with 
a thin layer of plastic so that 'burn-through' to the glass occurs towards the end of 
the laser pulse. Since the X-ray emission from the glass greatly exceeds that from 
the plastic, the uniformity of X-ray pinhole images is directly related to the uni
formity of ablation. As expected from optical ray trace calculations, the most 
intense illumination occurs midway between a group of three beams, and here the 
ablation rate is about 20% greater than on the beam axes. 

The main diagnostic of this experiment was X-ray shadowgraphy using copper 
or gold backlighting targets and a 100 ps backlighting pulse. This is much shorter 
than the 1 ns main laser pulse and the 1.5 ns implosion time, enabling time-frozen 
2-D images of the imploding target to be obtained. Figure 6 shows an X-radiograph 
of an imploding target taken in the early stages of the implosion. The two concen
tric rings drawn on the picture represent the initial position and thickness of the 
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SHOT 19 ON 19/05/83 

FIG. 7. X-radiograph of an imploding polymer shell with non-optimal focusing, showing the 
cubic symmetry of the six-beam illumination. 

target, and the lower part of the figure shows a computer calculation of the trajec
tory of the X-ray shadow, in excellent agreement with the experimental measure
ment. Figure 7 shows a similar image but with non-optimal focusing of the laser 
beams. In projection this gives the hexagonal symmetry seen in the figure. 

To probe the targets close to peak compression, the backlighting X-ray source 
must be made harder by changing from a copper to a gold target. Close to peak 
compression, shadows of the form seen in Fig.8 are obtained with a radius of less 
than 10% of the initial target radius. This 10:1 radial convergence represents the 
best results yet obtained in direct-drive laser compression. The X-ray transmission 
through the centre of the image is measurable and enables the density profile to be 
obtained by Abel inversion. Such a density profile is shown in Fig.9, and densities 
in excess of 10 g-cm"3 are directly measured. In view of the finite exposure time 
of 100 ps, higher densities are almost certainly achieved, and Fig.9 also shows 
computer predictions of the density profile either side of the nominal exposure 
time, in excellent agreement with experiments. 
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FIG.8. X-radiograph of imploded core of a polymer shell target. 

Targets with somewhat thinner walls than those used for radiography 
(R = 2 jum of glass) and filled with DT gas gave neutron yields up to 106. The 
a-particles from the DT reaction and protons from the DD reaction were detected 
using CR39 plastic track detectors giving a measure of the energy loss of the 
particles in emerging from the target. The measured pr of the target at the time 
of thermonuclear reactions was 2 X 10"3 g-cm"2, compared with 3 X 10"4 g-cm"2 

for the initial target wall. More surprising was the extremely low dispersion on 
the energy losses: cr(pr) = 5 X 10"5 g-cm"2. Part of this dispersion must be due 
to the ion temperature, and the residual sets extremely small limits on any 
departures from spherical geometry. It is unreasonable to believe that the com
pressed core is as spherical as implied by this measurement, and from this, together 
with some evidence from computer modelling, it is inferred that the thermonuclear 
reactions occur at the time of first shock wave collapse at the centre and not at 
peak compression. 
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FIG.9. Radial density distribution in the imploded core, obtained from Abel inversion of 
the measured X-ray transmission profile. Computer simulations of the density profile close 
to the time of observation are also shown. 

5. TWELVE-BEAM EXPERIMENTS 

Implosion experiments in the new twelve-beam experimental facility are 
currently in progress. 
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DISCUSSION 

S. DENUS: In your analysis, did you take into account the fact that during 
the pellet heating process a so-called 'double layer' is developed and that the strong 
electric fields which are generated in a self-consistent process can prevent pre
heating of the core by energetic electrons? The theory of this process was 
developed by H. Hora, and the existence of such fields was discovered and 
demonstrated in experiments performed in Israel this year. I wonder to what 
extent this effect might change the scaling law for preheating which you presented 
in your paper. 

R.G. EVANS: For the laser wavelength and intensity used in our experi
ments, THo is only about 2 - 3 keV. In these circumstances, double-layer formation 
is not expected. 
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Abstract 

SHORT WAVELENGTH, DIRECT DRIVE LASER FUSION EXPERIMENTS AT THE 
LABORATORY FOR LASER ENERGETICS. 

Measurements are reported of absorption, hot electron generation, preheat, thermal 
transport and irradiation uniformity in direct-drive, spherical target experiments conducted 
with six 351 nm wavelength beams of the OMEGA symmetric irradiation facility. On-target 
energy in excess of 400 J, pulses of 650 ps duration and uniform irradiation at an intensity 
in the range of (1013-1015)W/cm2 characterize the laser conditions for these experiments. 
Absorption varied from 100% for Ti targets at an intensity of 1013 W/cm2 to 60% at an 
intensity of 2 X 1015 W/cm2. The superthermal electron fraction was found to be less than 
3 X 10~3 of the absorbed energy in these experiments. Higher ablation pressures were 
measured than in comparable 1054 nm experiments. At a laser intensity of 101S W/cm2 an 
ablation pressure of 100 Mbar was deduced from plasma blow-off measurements. Measure
ment and calculation of the irradiation uniformity indicate that the 24-beam, 351 nm laser 
OMEGA should be capable of producing the required drive uniformity to compress targets to 
200 times liquid DT density with less than 2000 J of laser energy. 

INTRODUCTION 

A number of laser-matter interaction experiments have demon
strated that laser energy is most effectively coupled to targets when the 
laser wavelength is shorter than 530 nm l1-5). Using a high-efficiency, 
frequency-tripling system, devised and first implemented at the 
Laboratory for Laser Energetics (LLE)l6'7J,we have modified the OMEGA 
24-beam, uniform illumination, laser facility to operate at a wavelength 
of 351 nm K 

In this paper we present results from the first series of experiments 
conducted with a symmetric six-beam set of 351-nm beams of OMEGA. 

37 
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TABLE I. OMEGA SPECIFICATION SUMMARY 

Peak power 

Maximum energy on-target 

Minimum spot size 

Beam-to-beam energy balance 

24-beam illumination uniformity 

System firing rate 

Pointing resolution/stability 

Beam timing accuracy 

1054 nm 

12TW(100ps) 

3000 J 

20 Mm 

±2% 

±10% 

1 shot/28 min 

±10/am 

±2ps 

351 nm 

3 TW (optimized for 0.8 ns) 

2000 J 

20 /um 

±2% 

±10% 

1 shot/28 min 

±10 Mm 

±2ps 

These studies» carried out at on-target energy levels up to 400 Joules, 
represent the highest energy, 351-nm irradiation experiments conducted 
to date. 

THE OMEGA LASER SYSTEM 

The OMEGA laser system was completed in 1979. It has been 
operating as a 24-beam 1054-nm irradiation facility since 1980 and has 
logged more than 2000 target shots. The principal specifications of 
OMEGA are listed in Table I. 

In 1983, a program to convert all of the OMEGA beams to 351-nm 
operation was begun. The first six 351-nm beams became operational in 
September 1983. The technique used for tripling the frequency of the 
OMEGA beams is based on the "polarization-mismatch" (Craxton) 
scheme l6,7J.Both the KDP'second-harmonic generator (SHG) and the KDP 
third-harmonic generator (THG) are type-II cut, such that the z-crystallo-
graphic axis (the crystal-optic axis) makes an angle of approximately 59 ° 
with the polished optical surface normal of each crystal. 1 - u> laser 
irradiation, incident on the SHG, is linearly polarized at 35° to the o-
direction of the doubler. Provided that the intensity of the incident laser 
radiation and the thickness of the SHG are appropriately matched, equal 
numbers of iw and 2u> photons emerge from the SHG, which is angle-tuned 
for phase matching. These photons are subsequently mixed in the THG to 
produce 3w radiation. The Craxton tripler scheme permits the design of a 
single conversion cell containing both crystals l9l.In the LLE design this 
cell used Koolase w as an index-matching liquid for all internal surfaces. 

Potassium dihydrogen phosphate. 
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FIG.2. Beam energy balance histogram for the six OMEGA 351 nm beamlines for the month 
of May 1984. 

The clear aperture of the OMEGA cells is 20 cm, and the crystal thickness 
was chosen to be 16 mm to optimize conversion at an incident-beam flux 
level of 0.5 to 1.0 GW/cm 2. 

To date, the six conversion cells used on OMEGA have been 
subjected to nearly 1000 shots each with an 84 J/beam peak output, at 
351 nm. No significant degradation has been observed on any of the 
OMEGA assemblies. Figure 1 shows the performance of the frequenc^r 
converted OMEGA beamlines compared to the predictions of the MIXERH 
code. More than 453 Joules of 351-nm light have been produced to date 
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FIG.3. Azimuthally averaged intensity distributions of six 351 nm OMEGA beams at a target 
plane whose position from best focus is F = 8R where R is the target radius; R = 215 [im in 
this case. 

by the six-beam system. Figure 2 demonstrates the high degree of beam 
balance control achieved on the OMEGA system. Beam-energy balance 
control is achieved by polarization control of each of the twenty-four 
beams at the original beam-splitting location. The current limit in the 
beam-to-beam energy balance is given by the accuracy of the calorimetry 
system (1 2%). 
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FIG. 4. Calculated variation of irradiation uniformity with focus parameter F. The amplitudes 
of specific Si-modes of the Legendre polynomial decomposition of the intensity distribution 
are plotted. Note that for F = 10R a total o of 0.5 (±50%) is estimated for the six-beam 
irradiation. 

IRRADIATION UNIFORMITY 

To achieve the required compressed fuel density of 200 g /cm 3 the 
ablation pressure on target must be uniform to 11%. Characterization 
and control of the irradiation uniformity on OMEGA is therefore an 
important element of the LLE direct-drive program. 

On Fig. 3 we show characteristic measurements of the individual on-
target beam irradiation uniformity for the six 351-nm beam OMEGA. In 
general the beam intensity distributions are reproducible from shot to 
shot and exhibit small scale (10-20 urn) hot-spots with intensities approxi
mately 2 to 3 times the average intensity. Using a computer code, we 
have carried out a numerical superposition of each beam onto the 
spherical targets. The results of such calculation are shown in Fig. 4. 
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FIG.5. Absorption of 351 nm laser light on spherical targets. Comparison is made with 
SAGE hydrodynamic code calculations and with earlier 1054 nm data. 

The intensity modulation in the equivalent-target-plane energy 
distribution is caused primarily by phase aberrations in the various optical 
elements present in each beam. Methods to reduce these aberrations are 
currently under investigation. With some degree of phase controlling 24-
beam symmetrically disposed irradiation, it should be possible to achieve 
a uniformity on spherical targets better than Í 10% peak-to-valley. 

LASER-MATTER INTERACTION EXPERIMENTS 

The results of the initial six-beam 351-nm experiments have 
confirmed predictions of high absorption, low superthermal preheat and 
high ablation pressure for short-wavelength laser- driven targets i*' 5L 
Measurements of absorptionNcarried out on CH, SÍO2, Ti and Ni targets 
are summarized in Fig. 5. 

The measured absorption is in agreement with the theoretical 
calculations (the solid line2 in Fig. 5). The absorption approached 100% at 
low intensity (3x1013 W/cm2) for high Z targets (Ni, Ti). From these 
observations we have inferred that inverse bremsstrahlung absorption is 
the primary coupling process in these experiments Í1 °1 . 

Measurements of the x-ray continuum spectrum were carried out 
with a 15-channel x-ray spectrometer '10,UJ. A spectrum obtained from a 
CH sphere irradiated at high UV intensity (2x1o15 W/cm2) by the six 
beams of OMEGA is shown in Fig. 6(b). We have found that the x-ray 
continuum spectrum from UV-irradiated spherical targets can be fitted 
with a two-component Maxwellian spectrum, as shown in the figure. The 
low-temperature, low-energy Maxwellian distribution corresponds well to 

2 (The upper solid line.) 

, 4 -v . ^ ^ , SAGE: 200 J, 600 ps, CH 
^ ^ f = 0.03: fd = 0.15 

24 Beams 
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FIG.6. X-ray continuum spectra from spherical targets obtained with (a) the 24-beam 
OMEGA system at\= 1054 nm and (b) the six-beam OMEGA system at\ = 351 nm. 

the x-ray emission expected from a 0.8-keV thermal plasma, and the low-
level, high-energy, high-temperature (30 keV) spectrum is evidence of the 
existence of a superthermal electron component in the plasma j1 0 , 1 1] . 

Comparisons of the x-ray spectrum obtained with UV radiation on 
OMEGA at similar intensities to those measured in earlier IR experiments 
on OMEGA show a strong difference in the character of the spectrum (see 
Figs. 6(a) and 6(b)). Infrared irradiation of spherical targets at intensities 
of 101H-1015 W/cm2 with nanosecond pulses resulted in the emission of a 
three-component spectrum comprised of a thermal electron component, a 
hot-electron component from resonance absorption at critical density, and 
a superhot component from hot-electron generation in the underdense 
corona. The two-component spectrum observed in all spherical UV 
experiments on OMEGA is clear evidence of the absence of resonance 
absorption in the interaction. 

The relative partition of energy in the superhot-electron component 
for UV irradiation of spherical targets, as a function of intensity, is shown 
in Fig. 7. This shows the ratio of energy in the superthermal tail of the 
distribution, normalized to the incident energy, as a function of incident 
irradiance, for CH targets of diameters ranging between 90 and 440 urn. 
Although the data show considerable scatter, particularly at lower 
intensities, the general form of the intensity dependence is clear. At low 
intensities, the partition of energy to superhot electrons is extremely 
small and displays a sharp onset at an intensity c 10 l k W/cm 2. Moreover, 
at high intensities there is clear indication of saturation in the conversion 
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by the 2cop instability. 

to superhot electrons at a level below 10"3. It is estimated that 
successful inertial fusion targets can withstand a superthermal conversion 
level no higher than 10" 2. 

Comparison of the level of hot-electron generation and the level of 
3 (ĵ /2 harmonic emission provides some indication of the origin of the 
superthermal electrons in UV-irradiated spherical plasmas. This compari
son is shown in Fig. 8. The threshold intensity is the same for both-.the 
3/2 harmonic and the superhot electrons. Moreover, saturation in the 
harmonic emission and in the super thermal electron generation appears to 
occur at a similar intensity (~101 5 W/cm % Since there is strong 
evidence that the 3 u^/2 harmonic emission originates from the 2 cp 
instability, this close correspondence in intensity dependence suggests 
strongly that the superthermal electrons have a similar origin l l2J. 
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FIG. 9. Measurements of (a) mass ablation rate and (b) ablation pressure for six-beam 
351 nm spherical target experiments. 

Measurements of the ablation rate and energy transport were 
carried out using plastic targets overcoated with 2 um of aluminum (or 
titanium) and then overcoated with a varying thickness layer of CH I131 
The primary diagnostics were time-integrated line spectroscopy, time-
resolved x-ray emission, charge collectors and plasma calorimeters. 

Figure 9(a) compares the results for mass ablation rate obtained in 
these experiments with previous data from 1054-nm irradiation, along 
with the results obtained from the aluminum spectroscopic data. When 
results obtained in the same way are compared, 351-nm irradiation 
outperforms 1054-nm irradiation even if the comparison is made on the 
basis of the same absorbed irradiance. The difference between m 
obtained with the two diagnostic methods on the same experiment can be 
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the result of two effects: (a) the charge collectors underestimate the 
mass ablation rate because of neglecting the variation of charge state of 
the expanding ions, and (b) the emission of aluminum lines (or other low 
energy lines like those of Ti+ l ^ corresponds to material ahead of the 
ablation surface which is preheated due to non-local thermal transport, m 
is overestimated if derived from such measurements. Further studies are 
required to clarify these points. The mass ablation rate for 351-nm 
irradiation deduced, from the charge collectors follows the scaling law: 
m =3.8x10 Kl/10 i -)ío-s af. 

In Fig. 9(b) the values of ablation pressure derived from the charge 
collector data and those calculated by LILAC for two values of f: 0.04 
and 0.1 are given. The experimental results are in good agreement with 
code predictions. However, Fig. 9b demonstrates clearly that pressure or 
mass ablation curves cannot be reliably used to deduce the value of f 
because of the low sensitivity to this parameter when plotted against 
absorbed irradiance. Alternatively stated, the effect of transport on 
target dynamics is largely included in its effect on absorption. Burn-
through curves, however, are much more suitable for studying transport 
directly. 

SUMMARY 

We have carried out the first series of spherically symmetric, 351-
nm, target interaction experiments on the OMEGA uniform irradiation 
facility. 

Reliable operation of a high-energy, multiple-beam, frequency-
converted laser system has been demonstrated in these experiments. The 
results confirm the expectations of high-absorption (nearly 100% at 
intensities <10 lH W/cm ^, low-superthermal electron generation (10" ** of 
absorbed energy in superhot electrons), and high ablation pressure 
(«100 Mbar at I s l O 1 5 W/cm ^ for short-wavelength laser irradiation of 
direct-drive targets. Future experiments will be conducted with up to 
2000 Joules in 24 beams and are expected to achieve drive uniformity 
levels of a few percent and compressed fuel densities up to 50 g /cm 3 . 
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DISCUSSION 

S. WITKOWSKI: In Paper No. IAEA-CN-44/B-I-2, from Lawrence Livermore 
National Laboratory (LLNL), a strong correlation between stimulated Raman 
scattering and fast electrons was reported. You correlate the fast electrons with 
the 2cjp instability. Isn't there a disagreement here? 

R.L. McCRORY: It is true that there is a difference between our interpreta
tion and that of LLNL with regard to their recent experiments. In the Laboratory 
for Laser Energetics (LLE) experiments, the scale length is estimated to be about 
40 jum. This scale length leads to a prediction for the 2cop threshold of 
(1—2) X 1014 W/cm2, whereas the convective Raman threshold is greater than 
1015 W/cm2. Thus we believe that in our experiments we are unlikely to exceed 
the normal convective Raman threshold. In fact, an alternative explanation for the 
scattering observed between co0 and co0/2 has been proposed by Simon and Short. 
In contrast, the latest experiments at LLNL have been with larger spot sizes, which 
could give density scale lengths long enough to lead to Raman. It is therefore 
possible that both interpretations are correct. 

S.O. DEAN: My recollection from Prof. Yamanaka's paper (IAEA-CN-44/B-I-1) 
is that with a new laser at about 100 kJ he expects to produce break-even in a pellet, 
whereas LLNL, with NOVA at about the same energy, expects to be short of break
even. What is your estimate of the lowest energy needed to have a break-even 
experiment? 

R.L. McCRORY: For some years it has been agreed that a few tens of kJ 
absorbed by a fusion capsule should be sufficient for ignition and/or break-even. 
Calculations at LLE, LLNL (Nuckolls) and elsewhere are in general agreement. 
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These results relate to systems for which the rigorous requirements of uniformity 
and hydrodynamic stability are satisfied. In a less ideal case, some 'safety factor' 
will be required. Safety, as measured by pR, scales as E1 / 3 . To have a safety 
factor of two, approximately eight times as much energy will be required. I 
estimate that between 30 and 200 kJ absorbed by the target will be required for 
break-even. 



IAEA-CN-44/B-I-5 

WORK ON THE LASER-MATTER INTERACTION 
PROGRAMME AT CENTRE D'ETUDES DE 
LIMEIL-VALENTON 

E. BERTHIER, G. BOSCA, E. BURESI, A. COUDEVILLE, 
J. COUTANT, R. DAUTRAY, M. DECROISETTE, 
C. DELMARE, B. DUBORGEL, P. GUILLANEUX, 
P. NELSON, J.M. REISSE, B. SITT, J.P. WATTEAU 
Centre d'Etudes de Limeil, 
Villeneuve-Saint-Georges, 
France 

Abstract 

WORK ON THE LASER-MATTER INTERACTION PROGRAMME AT THE CENTRE 
D'ETUDES DE LIMEIL-VALENTON. 

Experimental work on laser implosion and interaction at the Centre d'Etudes de Limeil-
Valenton has been performed using two lasers, the P 102 laser producing 20 J on target at 
X = 0.35 ¿urn and the Octal laser producing 360 J in 280 ps and 900 J in 900 ps at X = 1.06 jum. 
Experiments on plane targets allow the effect of spatial modulations of illumination on the 
acceleration to be studied. In addition, the optical thickness of an aluminium plasma is 
measured using a target with special geometry. In microballoon implosion experiments, a 
marked increase in neutron emission is observed when the target is coated by high-density 
and high-Z material. With regard to theoretical aspects, particular attention is given to inter
action (resonant absorption saturation mechanisms, linear theory of Raman effects and two-
plasmon effects, stimulated Brillouin scattering saturation), to transport (expansion of a 
plasma with two electron temperatures, self-consistent description of thermal and suprathermal 
electrons) and to physics out of local thermodynamic equilibrium (LTE). 

1. INTERACTION AND IMPLOSION 

The effect of illumination modulations on the acceleration of thin foils 
irradiated at X = 0.35 Aim [1,2] was studied as a function of the characteristic 
dimension of the modulations and the type of material making up the targets 
(plane gold or aluminium discs 500 ¡xm in diameter and 4 and 25 nm thick, 
respectively). Illumination modulations are introduced by arranging in the laser 
beam several series of horizontal parallel bands which are opaque to laser 
radiation. By using a position 1.5 mm in front of the best focal point, we obtain 
a focal spot 200 ¡im in diameter which contains illumination modulations whose 
wavelength £ can vary from 30 to 100 jum and whose modulation rate, 
72 = (Imax ~ Imin)/(Imax + Imin)> i s °-7 ± 0-1- Radiography is performed by 
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focusing part of the laser beam (25%) onto a copper target so as to create a 
plasma emitting an X-ray pulse in the spectral band 0.8—1.2 nm. A pinhole 
camera fitted with an aluminium absorber 9 ¡xm thick is placed on an axis 
perpendicular to the main beam axis and aligned with the X-ray source. It 
enables a shadowgram of the accelerated target to be recorded with a spatial 
resolution of 20 jum. Figure 1 shows typical shadowgrams for a gold target 
accelerated with a laser illumination of Im a x = 5 X 1013 W-cm-2. The distance 
covered is Zmjn and Zm a x for the least and most illuminated zones, respectively. 
The differences between the distances covered give the modulation rate 
Tz = ( Z m a x ~~ Zm i n ) / (Zm ax + Zmin)- It is assumed that the modulations in the 
pressure P are fully transmitted through the target in the form of velocity 
modulations, and it is also assumed that the scaling law P <* I0-78 is valid [3]. 
In the absence of smoothing, we have 7p = 0.6 ±0.1 for 7£ = 0.7 ± 0.1. The 
ratio r = 7z /TP determined for a given value of P is the parameter which measures 
the effect of energy smoothing between the absorption zone and the maximum 
pressure zone. The T-values are given (Fig.2) as a function of the wavenumber 
k = 2U./9. of the illumination modulations for a gold target and an aluminium 
target and an illumination Im a x of 5 X 1013 W-cm"2. The decrease in F towards 
high k-values agrees with a 2-D analytical model in Ref. [4] of a perturbation 
being propagated between the critical density and the ablation surface. 

By irradiating targets made of a strip of aluminium (500 /zm long, 50 fjtm 
wide and 1—2 urn thick) deposited on a silica layer, it was possible to study, 
by means of spectroscopy, the radiation which is emitted from the widest part 
of the plasma (transverse direction T) and that which comes from the narrow 
area (longitudinal direction L) [5, 6]. The variation in the energy emitted by 
the Lyman lines from hydrogen-like and helium-like ions is shown in Fig.3 as 
a function of distance from the target. Systematic reabsorption of Hea and Ha 
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lines is observed, while for lines with higher energy, reabsorption can be seen 
only near the target. We solve the transfer equation and derive, for the resonance 
lines, the optical thickness of the plasma and the electron density as a function of 
the distance from the target (Fig.4), assuming that the spectral profile resulting 
from the convolution of Doppler and Stark broadening is quasi-static. It should 
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FIG.4. Optical thickness and electron density derived from spectral re-absorption measurements. 

be noted that there is good agreement between the electron densities derived 
from the Hea and H a lines. 

In spherical implosions, mechanisms associated with the expansion of the 
corona determine the deposition of energy by suprathermal electrons in the 
dense part of the target and the generation of fast ions. If we assume that the 
coupling of suprathermal electrons with the core varies as the ratio of core radius 
to the corona radius [7] and that the expansion rate of the corona takes the form 

C H = Z 
Mi 

we obtain 

•= ( 1 + 0 
R-corona \ \ A 

7*\o.5 \ - i 
— ^ ?°-2K¿A\0At 

where Z* is the average effective charge of the corona ions, P the laser power, and 
R0 the initial radius of the target. 

The influence of pulse duration and target radius was investigated in earlier 
experiments [8]. In this new experiment, we have attempted to show the effect 
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of Z*/A by irradiating microballoons filled with DT and coated with different 
layers of aluminium, copper and gold. The arrangement of the Octal laser beams 
into two bundles with aperture f/1 resulted in local fluxes on target of about 
1016 W-cm"2, producing an implosion regime close to the exploding pusher 
regime. The increase in the Z-value of the coating effectively improved the core-
corona coupling, as is evidenced by the rise in neutron yield (gain of about 
10 between Z = 13 and Z = 79) and in hard-X-ray emission proportional to the 
energy deposited by suprathermal electrons. 

2. THEORETICAL WORK 

Resonant absorption saturation mechanisms were studied with a 1-D capacitive 
particle code and a 1-D Eulerian fluid code. The results are in very good agreement 
with the saturation amplitudes predicted by theory and show the effect of 
temperature in the transition between wavebreaking and thermal convection. The 
transition was characterized by the electrostatic wave phase velocity (particle code) 
and, correlatively, by the role of Landau damping in the heating of the under-dense 
plasma (fluid code). The observation in the convection regime of the creation of 
fast particles suggests that wavebreaking is not always the mechanism that 
generates fast particles; consideration is being given to direct acceleration in 
a localized intense field. 

Linear theory of Raman and two-plasmon instabilities, convective and 
absolute, is reviewed for non-colinear wave vectors and plasmas of inhomogeneous 
density. The non-linear phase is also studied. A l-£-D particle simulation code 
allows us to investigate the mechanism governing Raman scattering saturation and 
to study the formation of suprathermal electrons. Only backward and forward 
scattering can be demonstrated by such a code. A study now in progress concerns 
the effect of laser wave incoherence on the development of such scattering: the 
ratio of the value of the spectral bandwidth of this wave to the growth rate has a 
strong influence on the absorption and scattering rates and on the formation of 
fast electrons. Non-monochromaticity of the pump wave has proved to be a 
means of controlling this instability as long as the plasma resonances with beat 
frequencies which may exist within the laser wave are negligible [9]. 

The role of incoherence in stimulated Brillouin scattering was studied during 
plasma illumination by a monochromatic laser. Steady-state solutions of coherent 
theory equations can be destabilized by the introduction of a fluctuating noise 
simulating spontaneous emission or by non-linear effects on the ion acoustic 
waves. There are some regimes for which reflectivity becomes strongly incoherent 
with time. In this case, the reflectivity time average is much lower than classical 
evaluations based on steady-state models. 

The expansion of a laser plasma with two electron temperatures was studied 
using a fluid model and particle simulation to define the dynamics of the fast 
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ions, taking into account the charge separation effect induced at the ion front. 
The results give the value of the finite velocity of the ion-vacuum interface after 
the laser source is switched off and also allow us to identify the mechanism by 
which the vacuum isolates the suprathermal electrons in the space separating the 
target from a second foil [10]. 

A one-dimensional simulation was performed for the transport of thermal 
and suprathermal electrons coupled by the induced electrical field. The supra-
thermal electron transport equation is the Fokker-Planck equation: we calculate 
its first two moments in the scattering approximation and solve the corresponding 
equations for total energy, this being the sum of the kinetic energy and the 
potential energy. The evolution of the thermal electrons employs a fluid formula
tion discretized according to the Chang and Cooper method [11]. The results 
obtained are in good agreement with theoretical predictions: the electrical field 
in the corona is of the order of 109 V-m - 1 . 

To study laser energy absorption and transport when the electrons are not 
Maxwellian, a Fokker-Planck code with Landau collision terms is introduced. 
The plasma, which is assumed to be neutral, is described in a reference system 
related to the fluid and not to the laboratory, thereby eliminating electrical-field 
problems. Collisions are treated implicitly, thus allowing the equilibrium approach 
to be described. 

The calculation of X-ray emission from a laser plasma, in non-LTE, requires 
knowledge of the degree of ionization, the equations of state and the emission 
and absorption factors. To evaluate these quantities, we are developing a model 
based on the average ion approximation. Starting from the XSNQ-U programme 
of the Lawrence Livermore National Laboratory [12], we have included a new 
evaluation of the energy levels [13] and a treatment of ionization by pressure [14] 
and we have improved the numerical methods. After performing a coupling with 
the FCI 1 code, we obtained spectra close to those emitted by an irradiated sheet. 
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GENERAL DISCUSSION 

M.H. KEY (Chairman): Considerable efforts have been devoted to the study 
of both direct and indirect compression. Would anyone like to express an opinion 
on which is best for compression to densities of interest for fusion? 

E. STORM: Although we believe that the indirect approach has the better 
chance of achieving the highest gain with the lowest driver energy, at the present 
time the uncertainties in some of our calculation models are greater than the 
differences in the final efficiencies predicted for the two approaches. From the 
standpoint of stability and high convergence, however, the direct approach is 
distinctly superior. 
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Abstract 

LIGHT-ION FUSION RESEARCH IN THE USA. 
Power concentration has been the principal concern for inertial confinement fusion with 

light-ion beams. Recently a proof-of-principle experiment on ion focusing has been completed 
on Proto I and indicates that the Particle Beam Fusion Accelerator II (PBFA-II) beam should 
be focusable for high intensity targets to study ignition. The results are now being scaled to 
PBFA I. The theoretical stability of the electron sheath in the diode has been examined, and 
the growth rates are typically 5% of the electron cyclotron frequency. A new spectroscopic 
diagnostic has been developed to measure the electric fields and ion velocity distributions in 
the diode. Recent experiments with glow-discharge cleaning have shown that the ion species 
can be controlled and that the purity can be improved substantially. Plasma erosion opening 
switches will compress the power pulse to match the target acceptance time on PBFA II. 
Experiments with these switches on single-module accelerators show power gain. Currents 
of 5 MA have been interrupted in 20 ns in other experiments. The high voltage lithium ion 
option has been chosen for PBFA II, and the Applied-B diode has been selected as the first 
diode for the first shot on PBFA II in January 1986. 
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1. DIODE PHYSICS ISSUES 

Instabilities of the electron sheath in intense ion diodes 

could add to the beam divergence in light-ion diodes and are being 

studied computationally and analytically. In fully electromagnetic 

2-D PIC simulations with an auxiliary magnetic field [1],the 

fluctuations in the cathode sheath are minor and do not 

significantly perturb the beam. 

Analytic studies of the general stability properties of 

magnetically insulated ion diodes show magnetron, diocotron and ion 

beam driven instabilities can grow in intense beam diodes. The 

stability of the cathode electron sheath for the case of non-

relativistic Brillouin flow in a one-dimensional magnetically 

insulated ion diode has been examined at Cornell for electrostatic 

perturbations of the form 6<|> = <j>(x) exp i(ky-ü)t); x is the 

coordinate normal to the cathode, y is along the electron flow [2], 

The electron sheath is bounded by vacuum on one side and on the 

other by a resistive cathode plasma. By matching <5<f> to the 

solutions in vacuum and plasma, we obtain the dispersion relation*. 

[e (xx) tanh (x#-d) -kx^E = e (0) (1) 

2 2 2 2 
where e (x„) = 1-w /(cü-kfix*) , e (0) = 1 - u /w ; 

s * s * s s 

2 2 2 2 2 2 
E = {1-w (w+iv)/üj[(u+iv) - fi ]}coth kxA - m fi/(w[(w+iv) -fi ]), where xn 

p p 2 2 

is the collision frequency in the plasma', fi = eB^/mc; <D = Mirn e /m 

= fi ; B z is the external magnetic field; and n is the sheath 

electron density. Figure 1 shows <u = Re u and Y = Im w as a 

function of kxx obtained numerically from (1). With the 
2 2 

approximations kx~, k(d-x#), u /fi << 1, we find w « iY at kxx = 
(1-xx/d)

1/2 and Y/fi = (x/2k2fidx#)
1/2 where x -

2 2 2 2 
u) (v +fi )kx_/u) (iv+kfix ). Notice that growth occurs even with 

v=0. The instability is driven by the coupling of negative energy 

waves in the sheath to any dissipative mechanism in the plasma which 

could either be in the form of collisions or positive energy waves. 
-2 

In typical diode parameters Y/fi is in the order of 5 x 10 
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FIG.l. Growth rate curves are plotted for a cathode plasma-sheath configuration (solid 
2 2 

curves, right axis) with dix* = 2.0, x0/x* = 0.5, and co^/co. = 100, and for an anode plasma of 
" 2 2 

thickness D - d (broken curves, left axis) with D/x*= 1.5, d/x* = 1.1, and cop/ws = 100. 

The analysis can be extended to take into account the influence 

of an anode plasma which couples with the electron sheath across the 

gap. We do not exhibit the dispersion relation here but Figure 1 

plots Re a)and Y against kx^ Typical values of Ymax/fl % 0.01 as Re 

oj/fi % 0.2 and kx# ~ 0.5. 

In a previous experimental study on the LONGSHOT 

machine[3] intense electron bursts were observed to hit the anode 

with a typical duration of 20 ns separated by intervals of 50 ns 

with a spatial correlation length of ~1 cm. The above treatment 

predicts instability growth times in the electron sheath of 1 to 5 ns. 

The nonlinear development of such a diocotronlike instability 

generally leads to transport of electrons across the magnetic field 

and gap breakdown. The time-scale for this process is consistent 

with experimental observation of electron bursts [3l. 

2. PROOF-OF-PRINCIPLE FOCUSING EXPERIMENT 

2 
The Applied-B diode on Proto 1 was used at 6 kA/cm —20/£ higher 

than the PBFA-II diode—and the beam quality was measured in detail. 

The voltage was 1.̂4 MV. The Rutherford-scattered ions from the 

target were imaged with a pinhole and recorded with an array of fast 

PIN diodes. The signals were corrected for time-of-flight effects, 

and the vertical and horizontal profiles were inferred from the 

signals. The PIN diode response was well known, so the absolute 

value of the power density within this profile.was measured. The 

current within the central spot equaled the total proton current, so 

Q03 
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there is no evidence of significant ion current outside the field of 

view of the camera. The focal spot at peak power was 0.65 mm HWHM 

in both vertical and horizontal directions. The total divergence 

was 14.4 mrad. The result was confirmed with another, newly 

developed, diagnostic. Framing camera photographs of the atomic-

excitation x-rays from a titanium target were taken, and the x-ray 

pattern confirmed the measurements made with Rutherford-scattered 

protons. 

By subtracting the 0.19 mm HWHM contributed by scattering in 

the gas cell (as square root of the difference between the 

squares), we obtain the intrinsic divergence from the diode to be 
2 

12.6 mrad—with a 6 kA/cm ion current density in the diode and 1.4 
2 2 

MV. This gives an intrinsic brightness of 50 TW/cm • rad . 

The growth rates for each instability on the proof-of-principle 

experiment on Proto I and on the Particle Beam Fusion Accelerator 

(PBFA II) under development are compared to see whether or not we 

should—based on the linear growth rates—expect the instabilities 

on PBFA II to be better or worse than on the well-characterized 

Proto-I experiment. 

The theories generally assume laminar flow, which means plasma 

frequency u> equals the cyclotron frequency w %eB/(Y), where Y is 

the usual relativistic factor, e and m are the electron charge and 

mass respectively, and B is the magnetic field. We must calculate 

CU for the different diodes. Momentum balance at the anode and c 

cathode surfaces in quasi-spherical diodes, with radius R and anode 

area 2irrh and with uniform ion current density J, gives the maximum 

value of the magnetic field B at the anode: 

Since linear growth rates of the electron instabilities scale with 

ta , the importance of ion current density J and the diode voltage 

are apparent through the expressions for B and u . High current 

density produces a large magnetic field B and a large w and, 

hence, large growth rate. Higher voltage increases Y and reduces 
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ai . Therefore, the worst case is a high current density and low 

voltage diode, like the Proto-I experiment. 

Non-linear theories are needed to calculate the saturation 

level of the fluctuating fields. Such theories are not yet 

available. To estimate the possible difficulties arising from the 

instabilities, the product of the linear growth rate and the pulse 

duration for each instability and accelerator system was computed. 

The Proto-I experiment has many more e-foldings than the experiments 

projected for PBFA II. If this product is a relative indication of 

the potential for problems, then the lack of problems on Proto I 

suggests a very favorable scaling to PBFA II. 

3. SCALING TO PBFA I AND II 

Scaling the Proto-I result to PBFA I and II is the next 

objective of the power concentration program. If f is the fraction 

of the ion beam consisting of the focused species, the power per 

unit area on target is computed as the fraction f of the ion power 

(IV) that is within a divergence angle 0 = R /R , for a target of 

radius R , diode radius R, ion current density J, solid angle 

subtended by the anode ft. The power per unit area on target is 

P - f, f? 4-S- (2) 
1 ¿ 0 ¿ i»ir 

2 
In the Proto-I experiment, J = 6 kA/cm , f1 = 0.35, 8 = 12.6 

mrad, plus scattering in the gas cell, for f_ = 0.5. In PBFA II, 

flMir = 0.25 to 0.5, V = 32 MV, J = 5 kA/cm2 and f = 1 . The 

calculated power density on target, assuming no change in 0, is 125 
2 

to 250 TW/cm , which is adequate to drive a wide range of targets. 

Experiments to test the actual scaling with voltage and ion mass 

will be undertaken on PBFA I in 198H-1985 and on PBFA II in 1986-

1987. 

In 1983, the Applied-B diode was tested extensively on PBFA I. 

The microscopic divergence and steering errors were substantially 

improved over the values obtained in the 1982 series of experiments, 
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The improvement is attributed primarily to the improved quality of 

the power into the diode from upgrading plasma opening switches in 

collaboration with personnel from the Naval Research Laboratory. 

With the improved power conditioning, the Applied-B diode showed the 

overall horizontal divergence, the best measure of the beam quality, 

was 20 mrad. 

The accelerator was modified,and improved pulsed power 

components were installed. These modifications increased the output 

power into the diode feed from 6 TW in 1983 to 16 TW in 1984, with 

20 TW available in the modules at this operating point. The 

techniques for optimizing the diode on Proto I have been adapted to 

PBFA I. The experimental series now in progress will check the 

scaling from the 4.5-cm-radius Proto-I diode at 0.6 TW to the 15-cm-

radius PBFA-I diode at approximately 10 TW. 

4. SPECTROSCOPIC MEASUREMENT OF ELECTRIC FIELD 
AND BEAM DIVERGENCE 

The experimental investigation of the electric field in the 

acceleration gap of high-power magnetically insulated ion diodes is 

essential for the understanding of charge flow and the origin of 

beam divergence. At Cornell University, we have developed a 

methodC1!] which measures, for the first time, the electric field in 

pulsed diodes by observing the Stark shift of spectroscopic lines 

emitted by ions traversing the gap. This technique also allowsC^.S] 

the measurement of ion transverse velocities by observing the 

Doppler broadening of unshifted ion lines and hence is useful for 

identifying the source of ion beam divergence. 

Spontaneous line emission from kllll ions (produced and excited 

at the anode plasma) accelerated in the 9 mm gap of a planar diode 

with a peak applied voltage of 500 kV is observed through a 

spectrometer photomultiplier system which resolves the line profile 

in a single shot at each position x from the anode surface. The 

system integrates over a surface parallel to the anode with a 

spatial resolution of 0.5 mm. The Stark-shifted emission of the 

4529 Â AÎ.III line is measured. The line emission pattern (of three 

Stark-shifted components) was calculated by neglecting the effect of 



IAEA-CN-44/B-II-l 65 

the applied magnetic field and assuming a constant population of the 

transition upper level over the plane of observation in the diode 

gap. For each of the shifted components, we assumed a Gaussian 

shape; the temporal fluctuations and spatial variations (over the 

path of light collection) of the electric field contribute to its 

width. A fit of this calculation yields a local electric field at 

x = 3.55 mm of 1.4 + 0.25 MV/cm. Profiles of the 5722 Â AJIIII line 

emission from the anode plasma and from the gap were also obtained. 

The larger width of the gap emission is due to the ion beam 

divergence. Although these results are preliminary, it may be 

inferred that most of the ions have transverse velocities 2.5 

cm/ys, i.e. a divergence 0.5 degrees for ASJII ions in this 

diode. The proton divergence may be different from that of A2JII 

ions if it is determined by those high-frequency electric field 

fluctuations to which protons are relatively more responsive. We 

measured the divergence of CIII ions to be 0.5 degrees also. 

5. ION SOURCE DEVELOPMENT 

The purity of the ion source is a continuing concern. Epoxy-

filled anodes produce ion beams that are only 35% to 50% protons; 

the impurities cause a substantial loss of focusable power. 

Fortunately, the Applied-B ion diode features a mechanism for 

excluding protons from the target: the lithium ions lose electrons 

as they pass through the gas cell membrane, acquire an appropriate 

azimuthal canonical momentum and are focused to the target. The 

protons do not change charge state at the gas cell and are excluded 

from the target region by their canonical momentum. The concern 

about ion purity is diode efficiency, not target preheat, so even 

impurity levels of 10% are acceptable. 

The application of a glow discharge to clean surface-flashover 

sources has shown promising results. The Applied-B diode was used 

with anode materials and glow-discharge gases. Standard epoxy-

filled grooved anodes produced 30% of the ion beam as protons. 

Argon glow discharge with epoxy anodes produced 60% H beams. 

Deuterium glows with CD anodes gave 60% D beams. Oxygen glows with 
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epoxy anodes gave 70% 0 beams. Oxygen glows with LiF beams gave 

50$ Li beams. Optimization should improve the purity further. 

6. PULSE COMPRESSION WITH PLASMA EROSION OPENING 
SWITCHES 

The Naval Research Laboratory is developing a fast opening 

switch called the Plasma Erosion Opening Switch (PEOS) [6], This 

work is a continuation of some early work performed at Sandia 

National Laboratories for prepulse suppression and risetime 

sharpening [7]. Such switches can lower the electric field stress on 

dielectric insulators, decrease effects of multi-module jitter, 

suppress prepulse, sharpen pulse risetime, compress pulses by 

inductive storage, multiply power, and isolate loads from earlier 

stage opening switches. The PEOS has been shown to conduct high 

currents (MA's) for up to ~100 ns, open in a time (~10 ns) short 

relative to the conduction time, and withstand high voltages (MV's) 

after it has opened [8], The application of this switch concept to 

both PBFA I and PBFA II is being undertaken in order to minimize the 

effects of intermodule jitter, symmetrize power flow, narrow the 

pulse width to ~10 ns, and to attain some degree of power 

multiplication. 

The PEOS uses an externally injected plasma to conduct the 

current in a vacuum region near the load; then the switch opens and 

transfers the current to the load. A small gap forms near the 

cathode surface when current is driven through the switch. During 

the conduction phase, the switch plasma can provide an ample supply 

of ions to support the current flow. A small gap forms near the 

cathode surface when current is driven through the switch. When the 

current exceeds that which can be supported by the plasma ion flux, 

the plasma starts to erode. Magnetic field effects, which enhance 

the erosion process and eventually insulate the electron flow from 

the switch plasma, open the switch. The switch will remain open as 

long as the load current is high enough to maintain the magnetic 

insulation in the switch region. Details of this theory and 

resulting scaling relations are published elsewhere [9]. 
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A phenomenological model of the switch operation with various 

loads using a transmission line code and analytic models for the 

switch and load have shown good agreement with experiments. These 

results have been used to plan subsequent experiments. A large 

effort using 2-1/2 D electromagnetic particle-in-cell codes is now 

underway and is aimed at understanding the physics of the switching 

process in more detail. These codes will also be used to study the 

coupling of the power flow from the switch to the load. 

Numerous experiments have been performed at NRL to investigate 

the interaction of the switch and various loads. Magnetic field 

probe measurements!! 10] have shown that current flows predominantly 

in the radial direction for a co-axial switch. The current density 

is proportional to the ion flux density, as predicted by the model. 

Opening at the cathode is also observed. In other experiments[11], 

increasing the total ion flux resulted in switch-opening at 

increasing current levels, consistent with the theoretical 

understanding. Since the ion flux to the cathode determines the 

time that erosion and opening begins, the direction of the plasma 

injection introduces a polarity effect which has also been 

demonstrated experimentally[10] in co-axial geometry. Under higher 

total currents and in a disk line geometry, the switches have not 

yet shown this polarity effect, and the lack of effect may be 

attributed to other possible phenomena at work [12]. The interaction 

of the switch, the load and the vacuum electron flow between these 

two elements is of great interest and is presently under 

investigation. 

The most ambitious application of the PEOS to date is for 

Inertial Confinement Fusion. Both the PBFA-I and PBFA-II generators 

at Sandia National Laboratories will use a PEOS system to perform 

several tasks. On the 36-line PBFA-I generator a switch system has 

been installed between the output of the magnetically insulated 

transmission lines (MITL's) and the load in the tri-plate disk feed 

section. This system is designed to short out prepulse, to provide 

an initial low impedance load to magnetically insulate the MITL's 

and connections to the diode at early times, to minimize the effects 

of line-to-line jitter, and to sharpen the voltage risetime on the 



68 VanDEVENDER et al. 

load. One PEOS system fielded in March of 1984 was able to conduct 

up to 5 MA current before opening and switching the current to the 

load [12], Current risetime in the load decreased from 40 ns to 

< 20 ns. Losses in the switch system and between the switch and the 

load prevented increased power into the load, but losses in the 

power feed to the switch decreased significantly. Less ambitious 

PEOS systems, designed for prepulse suppression and some degree of 

azimuthal smoothing have diverted ~1 MA before opening and are used 

with present ion diode loads. These systems suffer greater losses 

in the power feed region but transmit power more efficiently from 

the switch to the load. 

In general, the understanding of PEOS operation and application 

of the technology to an ever increasing number of devices is 

progressing rapidly. Use of similar systems is under investigation 

at several other laboratories.1. 

7. PBFAII 

PBFA II is presently under construction and is designed to 

include a PEOS system. This system will be required to charge a 

vacuum inductive store; then to quickly release the stored energy 

into a load for pulse compression and power multiplication. The 

switch will allow PBFA II to operate in a 30 MV short pulse mode 

for ICF applications. These requirements represent a significant 

extrapolation from the experimental PEOS operating regime presently 

being studied. 

The selection of the high voltage lithium option for PBFA II 

and the selection of the Applied-B diode as the first diode for that 

accelerator permitted the design and fabrication of the accelerator 

to proceed. The accelerator tank is complete, and component 

installation has begun. The Marx generators and vacuum insulators 

are being fabricated. The testing of the laser-triggered gas switch 

is complete, and all gas switch performance specifications have been 

met or exceeded. The prototype of the pulse-forming network has 

been extensively tested. The tests have produced 130 kJ 

1 In the USA, the Federal Republic of Germany, France and Japan. 
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with the c o r r e c t 50-ns-wide p u l s e , and the energy output i s adequate 

for PBFA-II output pa ramete r s . 
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DISCUSSION 

J. KISTEMAKER; When you mentioned the beam-wave interaction 
instability during passage through the plasma, did I understand you to be talking 
about the ion-cyclotron instability and, if so, what is the origin of the magnetic 
field? 

J.P. VANDEVENDER: The instabilities that concern us are the electron-
driven magnetron and diocotron instabilities. The external magnetic field is 
supplied by field coils in the cathode structure to control the electron losses. 

S. WITKOWSKI: Can you give figures for the total power and the pulse 
duration of the ion beam in the Proto I proof-of-principle experiments? 

J.P. VANDEVENDER: The total ion beam power on Proto I was 0.5 TW. 
Only 35% was in protons with this ion source, so the focusable power was 
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0.18 TW. For the diagnostics with a planar target, an 82° sector of the beam 
was used; the rest hit a beam stop. The pulse duration was 25 ns. 

C. YAMANAKA: Have you done any preliminary target experiments with 
the light-ion beam? 

J.P. VANDEVENDER: There have been no implosion experiments because 
pulsed power drivers operate in the range 10 — 20 ns, and megajoules are needed 
to drive implosions with that pulse duration effectively. 

Our target experiments have been stopping-power experiments in Al and 
Ni targets at 30 — 50 eV. The McGuire calculations with the Born approximation 
give excellent agreement with the data by Olsen and Maenchen: an increase in 
stopping power by a factor of about two in the hot material. 

G. VELARDE: What kind of micropellet are you going to test in PBFA-II? 
J.P. VANDEVENDER: PBFA-II will be a versatile driver for testing all types 

of ICF target. 
S. MERCURIO: Can you give the order of magnitude of the electric field 

you have measured by means of Stark shift? 
J.P. VANDEVENDER: The electric field is 1.4 MV/cm with the 4529 Â 

line of Al HI. 
S.O. DEAN: In your last viewgraph why, for a given amount of energy, 

do you show higher gain for lasers than for particle beams? 
J.P. VANDEVENDER: Because not all the ion beam hits the target, and, 

because the ion beam must heat the material within which it stops, the efficiency 
of coupling energy to the ablator is less than the laser theorists have assumed 
for lasers. 
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Abstract 

LIGHT-ION FUSION RESEARCH IN JAPAN. 
The work done in Japan towards realization of light-ion-beam inertial confinement fusion 

is summarized. At ILE of Osaka University, a pulse compression of three times was obtained. 
A brightness of 1.6 X 1014 Wcm~2-rad"2 was achieved at 6.4 MW. The Mahobin target, a kind 
of cannonball target for light ions, was investigated. At the Technological University of 
Nagaoka, a multi-stage induction accelerator has been constructed to post-accelerate light ions 
as well as medium-mass ions. At the Tokyo Institute of Technology, the cryogenic diode and 
the ion beam transport channel were investigated. 

1. INTRODUCTION 

Important issues necessary for achieving ignition are the development of 
pulsed-power technology and high-brightness diodes as well as a better under
standing of target interaction and implosion physics [ 1 ]. 

The ion beams generated by pulsed-power technology are promising as 
ICF reactor drivers because of their high efficiency. Then, the physics of 
beam transport in a cavity, the development of medium-ion accelerators and of 
repetitive system operation are also important topics in the distant-future range. 

Pulsed-power technologies for reactor systems were studied by co-operative 
efforts of universities, national laboratories and private companies. This paper 
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FIG. 1 (a) Voltage waveforms before and after pulse compression. 
(b) Relation between resistance and time. 

presents a summary of work done at ILE, Osaka University, the Technological 
University of Nagaoka, and the Tokyo Institute of Technology. 

2. RESEARCH AT ILE OSAKA UNIVERSITY 

2.1. Development of pulsed-power technology 

Pulsed-power technology has been developed to satisfy the parameters required 
for ignition. The technique of pulse compression by an opening switch after 
pulse shaping is an attractive method [2]. By using four plasma guns in an 
opening switch due to the erosion effect, a pulse compression of three times and 
voltage multiplication were obtained in the diode. 

Figure 1(a) shows the voltage waveforms before and after pulse compression. 
More than 6.4 MV were obtained on the anode surface by using Reiden IV-H 
(2.2 MV, 9 £2). The maximum compressed power at the diode was 1.5 TW. 
The time history of the eroding plasma resistance is shown in Fig. 1(b). The 
resistance of channel plasma rose with t2 in the early stage. Here, t is the time. 
This fact corresponds quite well to the expected erosion process due to electron 
sheath growth. At a later stage, the rate of rise became steeper, which could 
be explained by the magnetic pressure induced by the diode current [3]. The 
total efficiency for the energy transport through the cross-section of the erosion 
switch was up to 70%. 
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2.2. Development of high-brightness diode 

The characteristics of the inverse-pinch diode [4] and the applied-B-field 
diode with a plasma opening switch were studied. The maximum brightness of 
the ion beam was 1.6 X 1014 W-cm~2 -rad-2 at a diode voltage of 6.4 MV. 

The divergence angle showed no correlation with the diode voltage, only 
weak correlation with the current density (oc j0-2), but strong correlation with 
the diode gap (« d_1 ). The relation between the diode gap, d, and the divergence 
angle, Ad, is shown in Fig.2(a) and can be described as 

A 0 = a 
d-0 

where a. and Ô are constant. According to the physical diode model, (3 and 7 
correspond to the thickness of the expanding anode plasma and the characteristic 
length of the perturbation which induces the divergence, respectively. Typical 
values fitting the results were a = 0.05, |3 = 1.5 mm, 7 = 1.0 mm, and ô = 0.9. 
Ad was 20 mrad for d = 4 mm. 
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There were many scratching damages at the outer edge of the anode surface, 
which might be a hint to filamentation of the electrons. A periodic pattern 
due to plasma perturbation was observed on the cathode shank. This fact might 
be explained by MHD instability of the cathode plasma induced by the self-
magnetic pressure. The hot spots on the anode monitored by the ion pinhole 
camera could be explained by these mechanisms. 

The increase of the divergence angle with the current density (Ad °cj02) 
implies that the larger growth rate of these mechanisms for higher current 
densities might be induced by the larger perturbation of the anode plasma. 

The scaling of beam brightness obtained on Reiden III and IV in various 
diodes is shown in Fig.2(b). It became clear that two different scalings could 
exist for the diode voltage. 

In the low-voltage ragion (Vd ^ 1 MV), the ion beam current was below 
the space charge limitation, which was caused by the source plasma limit on 
the anode. The experimental relation between diode voltage and current 
density was given by j « V¿8 in the low-voltage region on Reiden III. The 
brightness scaling could be expected to be B oc v ¿ 8 , which corresponds quite 
well to our results and to Ref.[5]. 

In the higher-voltage region (Vd ^ 1 MV), the ion current reached the 
space charge limitation for the diode configuration, because of the sufficient 
plasma source. Then the space charge limitation became dominant and the 
relation between current density and diode voltage could be written as j <* V¿s. 
Here, the experimental scaling for the brightness (B « V¿°) corresponds quite 
well to the space charge limitation model because the divergence angle scales as 
Ad cc j 0 - 2

 w i th constant diode gap in the experiment. 
There was an exceptional result obtained from a quasi-point source 

generated by electron focusing at the anode centre [6]. Sufficient plasma for 
ion extraction was produced in this area. Therefore, this result corresponds 
quite well to the extrapolation of the scaling from the high-voltage region. 

2.3. Investigation of beam transport 

In the overlap region of the transported beam, the ion beam becomes 
divergent. The symmetric configuration of the transport channel with the 
adjacent return path may suppress the effect of divergence and give rise to a 
re-concentration of the beam in the plasma overlap region [7]. Triple plasma 
channels were formed symmetrically by wire explosions in a plane with plasma 
overlap configuration. The ion beam was transported through the central 
channel with the confinement current and the symmetric return paths on both 
sides. The expected reconcentration of the beam ions was observed with 20% 
reduction of the beam radius. 

The uniformity of the beam power density on the target will also be improved 
by the symmetric configuration. An orbital calculation of the beam particles 
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FIG. 3. Movement of target irradiated by focused light-ion beam: 
(a) foil array at t= 0, 
(b) foil array at t = 200 ns. 

with 36-beam irradiation suggests that the irradiance non-uniformity is less than 
3%. The coupling efficiency is 90% with an overlap gain of 9. Also, the channel 
inductance becomes as small as 1.5 juH for a 3-m-radius reactor. 

Good uniformity, high coupling efficiency with high overlap gain and low 
inductance of the multi-channel system will compensate for the disadvantage of 
a large number of channels. 

2.4. Investigation of interaction and implosion 

Interaction experiments aiming at a better understanding of the deposition 
profile were performed with thin, thick and multi-layered foil targets. Figure 3 
shows the movement of a sub-range foil array target. The deposition profile 
could be estimated from movement and temperature of each foil. 

As far as alternative targets to be used to overcome the poor focusability 
of the ion beam are concerned, the jet scheme [8], the hybrid driver scheme, 
radiation conversion and velocity multiplication by foil impact were investigated. 
A conversion efficiency of the jet up to 0.1 was obtained by using a spherical 
gold shell irradiated by a focused relativistic electron beam on Reiden IV. An 
implosion velocity of 3 X 106 cm-s"1 was obtained in the cylindrical cannonball 
target irradiated by the jet. 

The size of the ignition target of the Mahobin type is R0 «* 5 mm, 
Rf «* 1.5 mm [9]. The optimum proton energy for this target was estimated 
to be 8 MeV. The required beam power density on the target was 6 X 1013 W-cm-2. 
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FIG. 4. Schematic diagram of induction accelerator system 'MALIA-F. 

The near-term goal at ILE is to find the optimum ion beam parameters for 
ignition and to fulfil these requirements by developing the pulsed-power 
technology and the high-brightness diode with good focusing. 

3. RESEARCH AT THE TECHNOLOGICAL UNIVERSITY OF NAGAOKA 

As an alternative candidate for an energy driver of ion-beam fusion, also 
a medium-mass ion beam (MIB) seems to be interesting [10, 11] because of its 
capability of transport, its high brightness, etc. 

Figure 4 is a schematic outline of the experimental machine 'MALIA-F, 
at the Technological University of Nagaoka. It consists of an initial ion source 
and an induction accelerator. As an ion source, we used a Br-type, magnetically 
insulated diode (MID), which was fired by a 200-kV, 5-kJ Marx generator. A 
flashboard anode of boron nitride or polyethylene was used in the experiment. 
The post-accelerator was a Br-type, magnetically insulated gap. Pulsed power 
from the Marx generator (300 kV, 0.9 kJ) and a pulse-forming line (300 kV, 
20 kA, 50 ns) were inductively applied through an assembly of ferrite cores 
(AB ~ 7 kG). 

3.1. Ion source 

Using a Br MID operated with a gap length of 10 mm between anode and 
cathode, we obtained an annular proton beam (or boron beam) at Vd (diode 
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FIG. 5. Relation of diode ion current and temperature. 

voltage) « 100 kV, Id (diode current) « 20 kA, r(pulse width) « 800 ns with 
good reproducibility. An ion current density of 33 A-cm -2 was obtained at 
B/Bc « 3.4, which was a factor of about 18 above the space-charge-limited 
current. A total ion current of about 8 kA was obtained, with a diode efficiency 
of about 29%. The current-neutralization factor increased as the beam pro
pagated downstream. The local divergence angle was found to be 1.4°, while 
the deviation angle from the ideal trajectories (or aberration) was 2.1°. 

3.2. Post accelerator 

Under the conditions of an insulating magnetic field of 3 kG and an 
insulating gap length of 10 mm, we observed an induced voltage of up to 360 kV 
in the absence of an ion beam. 

Right now, systematic studies are being carried out on the post-acceleration 
of the whole assembly as shown in Fig. 5. Furthermore, the dynamics of the 
post-accelerated ion beam are being studied in detail and compared with the 
results obtained by normal ion diodes. 

4. RESEARCH AT THE TOKYO INSTITUTE OF TECHNOLOGY 

4.1. Cryogenic diode experiments 

Table I summarizes the data of our cryogenic diode. N2 or Ar ice was 
produced on the anode surface under the liquid-He cooling, while C02 or 
wax was produced under liquid-N2 or room temperature conditions. The extracted 
ion species and the ion current density ji are also shown in the table, with the 
Child-Langmuir current density JCL for energies of 150 and 100 kV. Preliminary 
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TABLE I. ION SOURCE, SPECIES, CURRENT 
DENSITIES AND CURRENT DENSITIES 
CALCULATED BY C-L MODEL 

Source 

Candle wax 

co2 

N2 

Ar 

Ion 

H+ 

C+ 

N+ 

Ar+ 

Ji 

7.8 

2.1 

2.1 

1.7 

150 

6.5 

1.9 

1.7 

1.0 

JCL 
100 

3.5 

1.0 

0.93 

0.55 

checks by time-of-flight measurements with ion collectors made sure that the 
ion species extracted were those listed in the table. N+ or Ar+ of 150/100 keV 
energy has been obtained, so far [12, 13]. 

With the second diode cooled by liquid nitrogen, the effects of the anode 
temperature on the extracted ion current were studied [14]. An ion current of 
about 5 kA was extracted from the refrigerated H 20 ion source at a diode 
voltage of Vd = 400 kV. The same kind of experiment was performed with a 
77° K CnH2n+2anode. The results are shown in Fig.5, where TA is the anode 
temperature. The desorption of absorbed gases and the evaporation of anode 
sample material by electron bombardment were temperature-dependent and 
seemed to play an important role in surface flashover, under the application of 
a pulsed voltage. 

With the third diode cooled by liquid helium, a H+ beam (20 A-cm -2, 
~ 200 kV) was extracted from the H2 ice, a process whose details are under 
investigation at present. 

4.2. Laser initiation of alkaline metal vapour transport channels 

Electrical discharges in Na vapour were initiated by resonant laser beams. 
A discharge channel of 40 cm in length was initiated by a laser beam with a 
spectral power density of up to 14 kW-cm~2-nm_1. The breakdown voltage 
with the laser initiation decreased with increasing spectral power density. The 
initial behaviour of the discharge channels was also observed by a streak camera. 

The same kind of experiment was performed with Cs gas in an Ar buffer gas 
under irradiation by a Xe CI excimer laser (308 nm). The breakdown voltage 
of the mixture with the laser light normalized by the self-breakdown voltage 
Vsb without laser light (in per cent) was plotted as a function of the Cs vapour 
density [15, 16]. The lowest value was about ten, when the Cs density was 
larger than 101S cm -3. 
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Abstract 

HEAVY-ION FUSION ACCELERATOR RESEARCH IN THE USA. 
In October 1983, a Heavy-Ion Fusion Accelerator Research programme (HIFAR) was 

established under the Office of Energy Research of the United States Department of Energy. 
The programme goal over the next several years is to establish a data base in accelerator physics 
and technology that can allow the potential of heavy ion fusion to be accurately assessed. 
Three new developments have taken place in the HIFAR programme. First, a decision has been 
made to concentrate the experimental programme on the development of multiple-beam 
induction linacs. Second, new beam transport experiments over a large number of quadrupole 
elements show that stable beam propagation occurs for significantly higher beam currents 
than had been believed possible a few years ago. Third, design calculations now show that a 
test accelerator of modest size and cost can come within a factor of three of testing almost 
all of the physics and technical issues appropriate to a power plant driver. 

The economics of power production place important 
constraints on drivers for inertia! confinement fusion (ICF). 
The requirements include high efficiency (> 10%), long life
time l> 109 pulses), high pulse repetition rate (1-100 Hz), 
and good reliability. The driver must also deliver adequate 
energy (1-10 MJ) and power (> 10 1 4 watts) to ignite a small 
(few millimeter) target. 

* Work performed under the auspices of the US Department of Energy by Lawrence 
Livermore National Laboratory under Contract No. W-7405-ENG-48. 

** Now at Lawrence Livermore National Laboratory, Livermore, CA, USA. 

81 



82 BANGERTER et al. 

For several years it has appeared that high-energy 
heavy-ion accelerators can meet all of these requirements. 
Nevertheless there have been some problems that have prevented 
the rapid development of high-energy accelerator technology for 
ICF. The first problem has been organizational. In the United 
States ICF has been funded through the Assistant Secretary for 
Defense Programs of the Department of Energy. The features of 
high-energy accelerators that qualify them for power production 
are unimportant for many of the near-term defense applications 
of ICF. Therefore, it has been difficult for the new heavy-ion 
fusion (HIF) program to compete with the established laser and 
light-ion fusion programs. This organizational problem was 
partially solved in October 1983 by the creation of a HIF 
Accelerator Research Program (HIFAR) under the Department of 
Energy's Office of Energy Research. The HIFAR goal over the 
next several years is to establish a data base in accelerator 
physics and technology that can allow an accurate assessment of 
the potential of HIF. Specifically the new program must 
address those features of HIF not addressed by the ICF program 
funded by Defense Programs. These features are accelerator 
physics and technology, beam focusing, and the beam-target 
interaction. Other issues are common to all ICF drivers. 

The HIFAR program faced three perennial HIF problems. The 
first problem is choice of technology. For several years both 
r.f. and induction linacs have been studied as HIF drivers, but 
anticipated funding is only sufficient to pursue a single 
approach. The second problem is a lack of experimental data on 
space-charge dominated ion beams, and the third problem is cost 
scaling. The cost of laser and light-ion drivers scales 
roughly linearly with output energy. By contrast the cost of 
an accelerator appears to scale roughly as the 0.4 power of 
energy. This accelerator scaling results in favorable costs 
for power-plant drivers, but unfavorable costs for small 
experimental facilities. Three new developments in HIF appear 
to provide solutions to these three outstanding problems. 
First, a choice of technology has been made. The experimental 
program is now concentrated on the development of multiple-beam 
induction linacs. Second, new beam transport experiments over 
a large number of quadrupole focusing elements have been 
performed. These experiments show that stable, space-charge-
dominated beam transport is possible for significantly higher 
beam currents that had been believed possible a few years ago. 
Third, it has been possible, at modest cost and size, to design 
a test accelerator that can come within a factor of three of 
testing almost all of the physics and technical issues 
appropriate to a driver. 



IAEA-CN-44/B-II-3 83 

CHOICE OF TECHNOLOGY 

A multiple-beam induction linac has intrinsic 
characteristics that make it attractive as an ICF driver. 

It is conceptually simple. A multiple-beam induction linac 
consists of a number of independently focused beams threading 
common induction cores. It may be possible to maintain a 
constant number of beams from ion source to target,eliminating 
complicated beam manipulations such as merging, splitting, 
stacking, injection and extraction. This conceptual 
simplicity has important consequences. Beam manipulations 
almost inevitably result in some increase in the 6-D 
phase-space volume occupied by the beam, but a small 6-D volume 
is required if the beam is to be focused onto a small fusion 
target. The 6-D volume produced by accelerators with a large 
number of beam manipulations is uncomfortably close to the 
upper limit allowed by focusing. 

Induction linacs are expected to have favorable pulse 
repetition rates (30-100 Hz) and efficiency (15-25%). In fact 
the ATA electron induction linac at Lawrence Livermore National 
Laboratory is designed for 1 kHz operation in a burst mode[l], 
The combination of high efficiency and high pulse repetition 
rate may be very important. Most calculations of ICF target 
gain give results similar to those illustrated in Fig. 1 [2], 

100 

Ç 
'5 

10 
1 2 4 6 8 10 20 

Input energy (MJ) 

FIG.l. Typical curve of target gain as a function of energy. In reality the gain depends on 
ion range and focal spot size or on laser wavelength. For simplicity we ignore this dependence. 
Other published curves may differ by a factor of two or more from this curve but for the 
purposes of this paper the exact value of gain is unimportant. 
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In order for fusion to make economic sense it is commonly 
assumed that the fusion energy gain Q = nG, where n is 
driver efficiency and 6 is target gain, must exceed some lower 
limit of order 10. As an example assume that Q = 10 is 
required for a power plant designed to give 4 GW thermal 
( ~1 GWe). If n = 5% (typical of some laser systems) the 
driver energy (See Fig. 1) must exceed 20 MJ. The target yield 
is more than 4000 MJ and the required pulse repetition rate is 
about 1 Hz. However, for n = 25% (high-energy accelerator) 
the required driver energy is only 2 MJ. The target yield is 
80 MJ and the required pulse repetition rate is 50 Hz. For any 
driver technology it is certainly less expensive to build a 
2 MJ driver rather than a 20 MJ driver. Moreover a reaction 
chamber designed for an 80 MJ yield is almost certainly smaller 
and less expensive than a chamber designed for a 4000 MJ 
yield. Thus high efficiency is very advantageous, particularly 
if the driver and reaction chamber have a repetition rate 
capable of fully exploiting this advantage. 

Considerable experience exists with kilo ampère electron 
beams in induction linacs (10 kA at ATA). The anticipated 
kinetic energy of heavy ions for ICF is about 10 GeV, requiring 
~10 kA to achieve the 10'^ watts required for target igni
tion. Thus present electron induction linac experience is in 
precisely the correct regime. 

The most serious technical issues of an ion induction linac 
can be demonstrated in a small-to-medium size accelerator. 
This feature results from the fact that an induction linac 
consists of a string of similar components from ion source to 
target. 

Finally, it makes good international sense for the USA to 
pursue induction linacs since r.f. linacs for HIF are being 
studied in Europe and Japan. 

EXPERIMENTS 

While induction linacs are well suited to the acceleration 
of the high beam current needed for ICF, conventional transport 
systems are severely limited in their capacity to handle high 
currents and, at the same time, maintain high optical quality 
in the beam. Since both the capital cost and the electrical 
efficiency of a driver depend sensitively on exactly where 
these limits lie, this subject has received a large amount of 
theoretical attention in recent years. In the presence of the 
defocusing space charge of an intense beam,the transverse 
periodic motion of the ions has a depressed frequency, w, 
where w^ = o^ - a)E/2 with Wp denoting the beam plasma 
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FIG.2. Current density and co ai a function of co/w0. The shaded areas show experimentally 
measured stable and unstable regions. Analytically predicted stable (solid lines) and unstable 
(dotted lines) modes are shown for comparison. The quantity aQ is the single-particle phase 
advance per lattice cell. In this experiment the cell length is C = 30.48 cm so that o0 is related 
to co0 by cu0 = a0v/2 where v is ion speed. For a more complete discussion of this figure see 
Ref.[3]. 

frequency and <D0 the single particle frequency. Recent 
experimentsPJwith a long alternating gradient transport 
lattice (87 quadrupoles) have demonstrated that a cesium ion 
beam can be propagated stably, i.e. no current loss and no 
emittance degradation, for a value of Ü)/OJ0 as low as 
0.15. Attempts to push this limit further are under way. The 
results are illustrated in Fig. 2. The kinetic energy of the 
cesium ions ranges from 80tol60keV. Analytic theory shows 
instability in the regions indicated. The experiments show 
that the analytic instabilities are not damaging. Particle 
simulation codes, using realistic particle distribution 
functions, are in agreement with the experiments. 

The experimental results are important because, in the 
limit a)/w0 « 1, the transportable beam current, I, 
varies as 1/ID. Thus we now believe that currents three (or 
more) times greater are possible than seemed prudent to assume 
in earlier studies. This can greatly reduce cost and improve 
performance of an induction linac driver. 
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THE HIGH TEMPERATURE EXPERIMENT 

The third important development in HIF is the emergence of 
a concept using medium-weight ions (e.g. Na) and a relatively 
low-energy induction linac to test, in a scaled way, the 
important issues of a full-scale driver. 

The use of low kinetic energy (~100 MeV or 1% of a full 
scale driver) significantly lowers the size and cost of an 
accelerator, partially circumventing the cost scaling described 
in the introduction. However, it is necessary to show that a 
low-energy accelerator can supply an adequate data base for 
proceeding with confidence to a larger-scale application of 
accelerator technology to ICF. This data base must address the 
three areas discussed in the introduction -- accelerator 
physics and engineering, beam focusing, and the beam-target 
interaction. We identify six key properties that must approach 
in scale the corresponding properties for a fusion driver. 
Exactly how close an approach is needed is a matter of judgment 
and depends on a trade-off between cost and confidence. To be 
definite in what follows, we adopt a factor of three as a 
reasonable quantitative scale factor between the needs for a 
driver and the required performance of a test accelerator. The 
six desired conditions are given below. The first three are 
necessary to test accelerator physics and engineering. The 
fourth condition is necessary to test beam focusing and the 
fifth and sixth are necessary to test the beam-target 
interaction: 

(1) Number of Independent Components: As explained above, 
it is important to show that the 6-D phase-space volume 
occupied by the beam is not excessively large. 

The phase-space volume is easily small enough at the ion 
source, but the volume can grow in the accelerator. The growth 
due to random errors should be proportional to the square root 
of the number of focusing elements and accelerator pulsers; it 
cannot be observed in a very short accelerator. As an example, 
we consider an induction linac test accelerator with Ne 

electric quadrupoles, Nm magnetic quadrupoles, and Np 
accelerator pulsers. Because of the square-root relation, it 
is desirable to have: 

(Ne) test >0.1 (MlCFdriver 

(Nm) test >0.1 (Nm)lCFdriver 

(Np) test £0.1 (Np)lCFdriver 
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(2) Betatron Wavelength: For partly related reasons, it 
is desirable to have the number of betatron wavelengths, 
Ng, along either the test or driver accelerator, not 
grossly different; hence: 

W t e s t > 0.3 W l C F driver 

(3) Space Charge Limit: Since both a test accelerator and 
a driver would operate close to the space charge limit, the 
containment of high space charge density can be tested at full 
scale. 

(4) Generalized Perveance: For focusing experiments the 
important quantities are beam stiffness and space charge 
forces. A single parameter that measures beam stiffness 
relative to space charge forces is the perveance[4] K = 6.44 x 
10*^ I0Z

2/((8y)^A) where I0, Z and A are respectively particle 
current (amperes), ion charge and atomic mass. As usual 8 is 
ion speed divided by the speed of light and y = (1-0Z)~''2. 
In order to perform meaningful beam-focusing experiments, K for 
a test accelerator should not be much smaller than K for a 
fusion driver. We adopt the following specific criterion: 

Ktest¿ °-3 K ICF driver 

(5) Beam Plasma Frequency: For validation of the 
beam-target interaction, both beam and target parameters should 
be appropriately chosen. The beam plasma frequency, Wp, is 
important in determining the growth rates for potential 
beam-plasma instabilities. Thus it is desirable to have 

(wp)test¿ °-3 (wp) ICF driver 

(6) Temperature : All important quantities of interest 
describing the target material are functions of temperature, 
density and composition. The density and composition can be 
easily varied over a wide range. Therefore the matter 
temperature, T, becomes the critical quantity. ICF will 
probably require 150 < T < 300 eV in the beam deposition 
region. Thus it is desirable that 

Ttest ~ 50-100 eV 

The criteria listed above are not completely independent. 
In fact, for typical induction linac scenarios the last 
criterion, T ^ 50-100 eV,is sufficiently stringent that all of 
the other criteria must be automatically satisfied. In 
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TABLE I. EXAMPLE HTE AND DRIVER PARAMETERS 

Accelerator Parameters 

Ion Type (Charge State) 

Kinetic Energy 

Beam Charge 

Pulse Energy 

Number of Beami ets 

Parameters at Target Focus 

Beam Current 

Pulse Length 

Beam Spot Radius 

Beam Plasma Frequency* 

Matter Temperature 

HTE 

Na (+1) 

125 MeV 

30 uC 

4 kO 

8-20 

1-2 kA 

-30 ns 

~1 mm 

~2 x 1010/s 

~50 eV 

Full Scale Driver 

Hg (+1) 

10 GeV 

300 yC 

3 MJ 

4-20 

15 kA 

~30 ns 

~2-3 mm 

~ 4 x 1010/s 

~ 200 eV 

* The ions are almost fully stripped in the target. 

principle, therefore, all of the criteria can be combined into 
a single milestone: 

Production of a temperature of 50-100 eV 
in a dense (ne ~ 10"/cm3) target 
material by ion beams from a multi-modular 
accelerator. 

The accelerator to accomplish the above goals has been 
named the High Temperature Experiment (HTE) because all of the 
various tests of accelerator performance, the test of focusing, 
and the test of the beam-target interaction, can be combined in 
one measurement, viz. the temperature of the dense plasma 
produced by focusing the accelerated beam into a small spot on 
a plane slab target. Table I gives a comparison of example HTE 
parameters with conceptual design parameters for a full-scale 
3 MJ reactor driver. 

CONCLUSIONS 

There is a new energy-oriented HIF accelerator research 
program under the auspices of the Office of Energy Research. 
This program has chosen to investigate multi-beam induction 
linacs. Encouraging experimental results are becoming 
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available, and a test accelerator concept has been developed 
that tests the important issues of HIF at moderate size and 
cost. 
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DISCUSSION 

J. KISTEMAKER: The Linac concept for acceleration of ions, based on 
focusing by electrostatic quadrupoles, was originally put forward by Maschke of 
Brookhaven National Laboratory. It was proposed some five years ago and should 
be mentioned, as should the direct continuation of Maschke's work at the 
FOM Instituut in Amsterdam, which is now making good progress. 

R.O. BANGERTER: I agree with you; because of the time constraint, 
I did not mention the origin of the concept. Maschke certainly deserves much 
credit. 

S. WITKOWSKI: In your comparison of driver energies required for different 
driver efficiencies you mentioned a 5% efficiency case that needs 20 MJ. I would 
like to point out that this is in any case not feasible for a reactor because the 
circulating energy is too high. There is general agreement that efficiencies of at 
least 10 — 15% are necessary for an economically viable reactor. 

R.O. BANGERTER: The case I presented does have an acceptable recirculat
ing power fraction. The target gain was 200, giving a fusion energy gain of 10, for 
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which the recirculating power fraction is about 30%. The principal problem is the 
high laser energy. To solve this problem, target designers should attempt to 
improve target performance. 

S.O. DEAN: When do you expect the test facility to come into operation? 
R.O. BANGERTER: In about two years we would like to submit an official 

proposal to build the test facility. Construction will require three years, and so we 
hope to have the facility in operation by about 1990. 
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Abstract 

PREHEATING SUPPRESSION FOR HIGH-DENSITY COMPRESSION BY C0 2 LASER. 
In 10-jum-wavelength laser fusion studies the reduction of target core preheating by 

hot electrons is considered to be the most crucial problem in high-density compression. The 
ability of a C0 2 laser to achieve high-density compression with a new pellet structure scheme, 
Cannonball, is demonstrated. The high-energy tail of the electron distribution, which induces 
preheating, is observed to be reduced. — Experiments on various target types, including 
Cannonball of one-dimensional or spherical shape, have been performed by using two beams 
of the LEKKO VIII C0 2 laser system. The energy distribution of hot electrons which penetrate 
into the fuel pellet has been measured by K a emissions from various coated layers on the pellet. 
The results show that the high-energy tan is truncated in the case of a Cannonball target, where 
the inner sphere is irradiated by lasers. Together with features such as high absorption, good 
uniformity and high hydrodynamic efficiency, this target configuration indicates the possibility 
of high compression by a C0 2 laser. 

1. INTRODUCTION 

The most important issue in pellet implosion by a C02 laser is the effect of 
the hot electrons. They can be good energy carriers from the absorption region of 
the laser light to the ablation front and, hence, can efficiently generate the driving 
pressure for the target acceleration. Good lateral transport by hot electrons can 
suppress the growth of a fluid instability and smooth out irregularities in the 
irradiation or the ablative pressure. 

On the other hand, the long range of the energetic electron results in core 
preheating and, hence, inefficient compression. 

The recent increase in available laser energy [ 1 ] enables us to design the 
target in a sophisticated way so as to achieve high-density and low-preheat 
compression. The Cannonball target is one of the promising schemes utilizing 
the features of the hot electrons. 
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Experimental and simulational results demonstrate efficient implosion due 
to the electrons by a C02 laser. The most important discovery in the Cannonball 
scheme is the modification of the energy distribution of the hot electrons, 
resulting in a reduction of the high-energy tail, which is favourable for high-density 
compression with low preheat. 

2. HOT-ELECTRON-DRIVEN ABLATION 

The quality of the implosion process is evaluated from the ratio of the kinetic 
energy of acceleration to the preheat energy [2]. High hydrodynamic efficiency 
can tolerate a rather high preheat level. The implosion properties of a 10 jum C0 2 

laser were investigated experimentally, showing efficient generation of ablation 
pressure and a high mass ablation rate [3]. The results were explained in terms 
of a hot-electron-driven ablation mechanism with a self-regulating flow model [4]. 
The scaling of the ablation pressure has been obtained to follow the law: 

Pabl = P o ( W L ) ° - 9 

where IL is in 1014W • cm2, P0 = 30 to 45 Mbar and r?ab is the absorption 
coefficient. 

Using the hot-electron temperature scaling law of Th « (3 -4)(IX2 /101 4)1 / 4 _ 1 / 3 

(keV, W • cm-2, jum) and the hot-electron range, the preheat level and the pellet 
gain were evaluated as functions of the input laser energy. The results show that 
low-adiabat high-density compression (q/q^ ~ 5 X 10"2 and u ^ 2 X 107 cm • s"1, 
where q is the specific energy of the preheat, qK that of the kinetic energy, and u 
the accelerated velocity) can be achieved by a 10 jum laser energy less than 1 MJ [5]. 

These evaluations are based on the experimental scaling laws, which show 
the practical significance of the 10 /urn laser. We also note that the stopping range 
could be considerably reduced by the high-energy tail truncation of the hot 
electrons, which was observed experimentally, as will be discussed in the following 
section. For example, when the range decreases by a factor of two, the required 
laser energy is reduced by an order of magnitude, and the breakeven condition 
could be met by several hundreds of kJ of 10 /urn laser energy. 

3. CANNONBALL IMPLOSION BY C02 LASER 

3.1. Features of Cannonball in C02 implosion 

The wavelength dependence of the Cannonball implosion may be weak, 
because of the physical processes where the incident energy is confined in the 
cavity to compress the inner fuel pellet. These features of the Cannonball 
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FIG.l. Types of targets used in experiments investigating hot-electron dynamics. 

implosion may preserve high absorption, high hydrodynamic efficiency, and 
good uniformity, even for long wavelengths. 

The absorption coefficient of the cavity target was measured to be 40 to 50% 
and constant from 1012 to 1014 W • cm-2, with a 400 jum diameter entrance hole, 
by using an integrating sphere with a diffused gold-coated interior surface or a 
mini-calorimeter array surrounding the target. 

The dynamic behaviour of the rear-side foil acceleration of the cavity target 
was observed by using an X-ray backlighting technique and compared with the 
model calculation, which gives a hydrodynamic efficiency of 16% after an accelera
tion time of 10 ns. This high efficiency is due to the energy confinement in the 
cavity to be used efficiently for long-time acceleration of the foil. 

The applicability of the Cannonball concept to a 10 ¡im laser must be examined, 
attention being focused on the behaviour of the hot electrons in the cavity. 

3.2. Hot-electron spectrum controlled by cavity and preheating suppression 

Various types of Cannonball targets were used for the one-dimensional 
experiment [6], as shown in Fig.l, to investigate the dynamics of the rear foil 
which corresponds to the inner fuel pellet in a spherical Cannonball target. 
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FIG.2. Ion signals and ion spectrum for single foil and Cannonball targets. Upper and middle 
pictures refer to front and rear sides of target, respectively. Lower diagram shows ion velocity 
spectrum for single foil and Cannonball targets. 

Figure 2, in the upper part, shows typical ion signals for the Cannonball 
target of a 2 jum Al rear foil (right-hand side) and for the single foil of 2 /¿m AI 
(left-hand side). It should be noted that the fast-ion component is drastically 
reduced in the Cannonball target, compared to the single-foil case, especially on 
the rear side. 

The ion velocity distribution as measured by a charge collector and the 
hot-electron spectrum as recorded by a magnetic spectrometer are shown in Figs 2 
and 3 for three different cases of single foil (I), Cannonball with gold entrance 
pinhole disc (II) and gold pinhole disc with Al coating on the inner surface (III). 
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FIG.3. Electron spectra for: (I) single 2-\im-thick aluminium foil; (II) Cannonball target with 
gold pinhole disc; (III) aluminium-coated Cannonball. 

From these experimental results, we may infer a change in the hot-electron 
spectrum in the cavity scheme. 

To investigate the kinetics of the hot electrons in the target, spectroscopic 
measurements of Ka lines from the multilayered foil target (Fig. 1(a)) or 
Cannonball (Figs 1(b) and (c)) were performed [7]. The emission intensities of 
Ka from each layer were analysed in comparison with the predicted Ka intensity 
as calculated by a Monte-Carlo simulation of hot-electron transport and Ka 

emission. For the single foil target (Fig. 1(a)), a Maxwellian distribution of the 
hot electron gives good agreement between experimental and calculated distri
butions of the Ka emission intensities. The hot-electron temperature as determined 
by this analysis coincides well with the established Th scaling. For the Cannonball 
target (Figs 1(b) and (c)), we must introduce a truncation of the high-energy tail 
in the hot-electron distribution in order to obtain the observed Ka emission 
distribution by Monte-Carlo simulation. The truncation energy is about three 
times the hot-electron temperature for the single foil target at the same laser 
intensity. One possible physical model explaining the truncation of the hot-electron 
tail is local cancellation of the ambipolar field in the cavity due to the existence 
of a pinhole disc, so as to form a Cannonball assembly as shown in Fig.4 [6]. The 
high-energy electrons above the potential peak may pass through the barrier and 
impinge on the rear surface of the pinhole disc and be trapped. 

To apply the mechanism of hot-electron tail reduction [8] to the high-density 
compression of a fuel pellet, we performed spherical experiments with three types 
of irradiation and target geometries as is shown in Fig.5. These are the direct-
irradiation target (a), the Cannonball target of the inner pellet irradiation type (b), 
and the target of the outer shell irradiation type (c). The detailed structure of a 
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(a) Static E Field 
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FIG.4. Schematics of electric field due to hot electrons in corona region for (a) single foil and 
(b) Cannonball targets. 

direct-irradiation target and the inner sphere of the Cannonball target are also 
shown in Fig.5(d). 

Figure 6 shows the Ka yield as a function of the depth (mg • cm"2) as meas
ured from the outer nickel surface. From these data and the Monte-Carlo 
simulation, the hot-electron energy distribution functions are obtained as is 
shown in Fig 7, where (a), (b) and (c) correspond to the schemes in Fig.5, 
respectively. All functions are normalized by a common factor in order to allow 
quantitative comparison with each other. 

The results with the three different types of targets are summarized as 
follows: in the case of direct-irradiation targets, the hot-electron distribution 
function constituting the best fit to the experimental data is similar to that of 
the single foil target irradiation. In the case of Cannonball target with inner 
pellet irradiation, the hot-electron energy distribution function is strongly 
distorted, with a reduced high-energy component. In contrast, the high-energy 
component is dominant in the case of the outer shell irradiation type. If we fit 
the curve by a functional form of the electron energy, 

F(E)ocE aexp(-E/Th) 

Th and a are 19 keV and 1.5, 2.0 keV and 30, and 63 keV and 1.5 for cases (a), 
(b) and (c), respectively. The physical mechanism of reduction of the high-energy 
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inner pellet, (c) outer shell irradiation. Results are compared with those of (a) direct irradiation 
target; (d) multi-layer structure of inner pellet. 

Area Mass Density (mg/cm ) 

FIG.6. Ka fluence as function of area mass density as measure of depth from nickel outer 
surface. Lines (a), (b) and (c) denote best fitted curve, as calculated by optimized distributions 
of hot electrons as is shown in Fig. 7. 
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component can be explained by a double-layer model similar to that described 
for the one-dimensional experiments. These results show that low preheating 
compression is possible for high density with the Cannonball target of the inner 
pellet irradiation type. 

4. CONCLUSIONS 

It has been discovered that the energy distribution of hot electrons which 
impinge on a fuel pellet can be controlled by the configuration of the target and 
the irradiation of the laser beam. In the Cannonball target, where the inner fuel 
pellet is irradiated directly, the high-energy tail of the hot electrons is truncated, 
which may result in a low-preheat, high-density compression. 

Features of the Cannonball target such as high absorption and hydrodynamic 
efficiency as well as good uniformity have been verified experimentally with the 
10 jum laser. 

Implosion simulation with the^experimental results and an analytical evalua
tion show that breakeven with several hundreds of kJ and a reasonable pellet gain, 
with a laser energy of a few MJ, are possible. 

REFERENCES 

[1] YAMANAKA, C, et al., IEEE J. Quantum Electron. QE-17 (1981) 1678. 
[2] KIDDER, R.E., Nucl. Fusion 21 (1981) 145. 
[3] DAIDO, H., Res. Rep. ILE, ILE-8123p (1981). 
[4] MIMA, K., YABE, T., KIDDER, R.E., Fusion Energy - 1981 (Selected Lectures from 

Spring College, Trieste, 1981), IAEA-SMR-82, IAEA, Vienna (1982) (IAEA unpriced 
document). 



IAEA-CN-44/B-0-4 99 

[5] NAKAI, S., et al., in Plasma Physics and Controlled Nuclear Fusion Research (Proc. 9th 
Int. Conf. Baltimore, 1982), Vol.1, IAEA, Vienna (1983) 507. 

[6] NISHIMURA, H., et al., Phys. Lett. 45 (1984) 1613. 
[7] TERAI, K., et al., Jpn. J. Appl. Phys. 23 (1984) L445. 
[8] NAKAI, S., et al., IAEA Tech. Comm. Meeting on Advances in ICF Research, Kobe, 

Japan (1983). 

DISCUSSION 

H.R. GRIEM: Is the absorption of Ka radiation in regions with L-shell 
vacancies important in your preheat measurements? 

K. MIMA: No, it is not, because the plasma temperature is supposed to be 
low in the region where Ka is radiated. Furthermore, the Ka lines from high-Z 
materials (Z •£ 30) are used. 
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Abstract 

THEORETICAL STUDY OF LOW-ENTROPY COMPRESSION OF LASER TARGETS. 
The predictions on low-entropy compression of laser targets made during the last few 

years and their experimental verifications in and outside the USSR are discussed. 

During the last few years a number of theoretical 
predictions on low-entropy compression have been confirmed 
experimentally. Thus, for short-wavelength lasers, we have 
achieved the following values: an energy absorption of 50-80% 
for a laser wavelength X < 1 ¿im, and of 25-50% for X = 1.06 jum; 
a mass evaporation of 50-60%; an acceleration of thin shells 
with an aspect ratio of R/AR = 50-200 of up to 200 km • s_1; 
a hydrodynamic efficiency of 8-15%; a thermonuclear density of 
3-30 g • cm~3; a temperature of 0.3 to 0.5 keV; and a 
parameter nT > 10l4. 

Figure 1 shows theoretical scaling laws for the dependence 
of the hydrodynamic efficiency, the shell velocity, and the 
non-evaporated mass on the target aspect ratio. Here, p c r is 
the critical density, PQ the initial shell density, and qa 
the absorption energy flux density. On the basis of a 
comparison with various experimental data, the mathematical 
codes DIANA, LUCH, RAPID, RIM have been worked out for 
numerical calculations of the physical processes in laser 
targets. These calculations allow us to make reliable 
predictions of high thermonuclear yields Et^, or high gain 
coefficients, i.e. the ratios of thermonuclear yield to 

* M.V. Keldysh Institute of Applied Mathematics, Academy of Sciences of the USSR, 
Moscow, USSR. 
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FIG.l. Theoretical scaling laws for hydrodynamic efficiency, shell velocity and non-evaporated 
mass. 

absorbed energy for short-wavelength lasers. Figure 2 shows 
the dependence of the absorbed energy (in the table on top) and 
the gain coefficient on the laser energy obtained for 
wavelengths of X = 0.27 ¡x m andX= 1.06 yLtm on the basis of 
numerical calculations of simple steel targets. The 
dependences for optimum target masses are shown by the dotted 
lines. 

At present, much attention is being paid to the problem of 
using CO2 lasers as drivers for fusion reactors because of 
their high technical characteristics. However, the physics of 
interaction of the long-wavelength laser radiation with matter 
is more complex than that of short-wavelength lasers. Hence, 
low-entropy compression of targets under the action of 
long-wavelength lasers is a more difficult problem than is the 
case of short-wavelength lasers, but may, in our opinion, also 
be solved successfully; in the following part of this paper 
some arguments supporting this opinion will be presented. 

The most important physical processes determining the 
efficiency of compression and heating of targets under the 
action of CO2 lasers are: 

CO2 laser radiation absorption in target plasmas; 
generation of hot electrons and hot ions in plasmas; 
energy transport by hot electrons; 
preliminary heating of compressed matter by hot electrons 
and its influence on the compression efficiency; 
hydrodynamic efficiency of target acceleration, taking 
account of transport by hot electrons. 
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FIG.2. Absorbed energy and gain coefficient versus laser energy. 

We shall not give any detailed results of our studies on 
each of the items listed here. As far as the first two 
processes are concerned, we should only like to note that in 
studying hot-electron generation we focus our attention on 
non-collisional acceleration of plasma electrons within the 
region of strong local electric fields close to the plasma 
resonance. We have shown that there are methods of controlling 
the spectral shape of hot electrons, which are associated with 
the generation of spontaneous magnetic fields and the structure 
of the resonance field. 

The possibility of effectively using CO2 lasers for laser 
fusion is associated with the transport of absorbed energy by 
hot electrons to the ablative surface. We shall now speak in 
some detail on problems of hot-electron transport and its 
influence on target compression and heating. 

For the CO2 laser, the critical plasma density is two 
hundred times lower than for the Nd laser. Therefore, for an 
efficient target acceleration to take place under the action of 
CO2 laser radiation, the hot electrons should transport the 
bulk of the absorbed laser energy as close as possible to the 
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Shell target compression under long-wavelength laser radiation 

direct irradiation only, no cannonball and X-ray irradiated target 

1. Basic idea: energy transport by hot electrons to ablative surface 

(P. Volosevich, V. Rozanov, Pis'ma Zh. Ehksp. Teor. Fiz. 33 (1981) 19) 
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FIG.3. Shell target compression under long-wavelength laser radiation. 

ablative surface. At the same time/ to obtain high target 
compression, the preheating of the compressed matter by the hot 
electrons should be minimum, at least it should be less than 
the heating by the first shock waves (Fig.3). First of all» we 
should like to mention an effect that was found by us, i.e. 
that of non-stationary energy transport by Maxwellian hot 
electrons in laser targets (Fig.4). As is well known, 
hot-electron deceleration takes place in a plasma by Coulomb 
interaction with the plasma electrons. The time interval 
during which the hot electrons can impart their energy to the 
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Nonstationary energy transport by hot electrons ¡n laser target 

Deceleration time of hot electron in plasma: 

t _ 4 A / m V / 2 b E o 3 / 2 

ld 2Z\2J P 
A, Z - atomic number and charge of plasma ¡ons 

Eo - initial hot-electron energy 
p - plasma density 
b= 1.3XlCT6g-keV-2-cm-2 

Spectrum-limited model 

Hot electrons have time to transfer energy to the target at compression 
stage if 

td<Eo)<tf-tg 

tf - implosion time; tq - moment of hot-electron generation 

initial 
Maxwellian 
spectrum 

hot electrons of this high-energy 
part of spectrum have no time to 
transfer energy to target 

P « ~ R J, plasma radius: R 
en p P 7-1 \PcrJ 
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FIG.4. Non-stationary energy transport by hot electrons in laser target. 

target at the compression stage is equal to the time interval 
between hot-electron generation and target collapse. Since the 
hot electrons need more time for their deceleration when their 
initial energy grows, the hot electrons from the high-energy 
part of the Maxwellian spectrum will not be able to impart 
their energy to the plasma during this time interval. It is 
easy to estimate the value of the energy limiting this 
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Hot-electron transport. Computer simulations. 

Initial spectrum of hot electrons is Maxwellian spectrum with temperature: 

Th = 
•HO v2^/3 10. l15 i 7.75XlO- | U(qL^) 'JkeV; 10 l u<q LA^< 10lt3 W-Mm^/cm^ 

1.38X10"3 (qLX
2)1/4 keV; 101 5<qLA2< 1017 w W / c m " 2 

Non-stationary energy transfer effect has been simulated according to 
spectrum-limited model. For hot electrons with energy E < Eb stationary 
kinetic equation has been solved in angle and energy multi-group 
approximation. 

Energy balance: Wab = Wt + Wk 

EB 
Wt = / EfhdE - energy transferred to target by hot electrons 

i 0 ii 

oo 

W),. = / EfndE - part of absorbed energy in the form of hot-electron 

E b = T h 

and hot-ion kinetic energy 

v-5/' 24 2/3 

A° = O,0 = 1 /A l~fJ.5, E b -3 .8T n 

A° » A° -> 0 « Z2/A2, for A° = 40-90 Mm 

Z2 = 2-0.5 -> j3 = 0.3-0.07 and Eb « 6.4 Th 

FIG.5. The spectrum-limited model. 

high-energy part of the hot-electron spectrum. The plasma 
density determining the hot-electron deceleration time may be 
considered approximately equal to the ratio between the initial 
optical thickness of the target and the radius of the expanding 
plasma boundary. The plasma boundary radius is proportional to 
the corona sound velocity times the target collapse time. 
Thus, the degree of limitation of the hot-electron spectrum 
participating in the heating of the target increases with 
decreasing initial thickness of the ablator and with growing 
laser energy flux density. The effect of spectrum limitation 
is favourable for the target compression because it suppresses 
the energy transport by high-energy hot electrons which is most 
dangerous from the point of view of target preheating. 

If we include the effect of spectrum limitation, the energy 
balance has the form (Pig.5): 

Wab = W t + W k 
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Here, W t is the energy transferred to the target by the 
hot electrons, and W|ç is the energy which is not transferred 
to the target. At the target compression stage# this portion 
of the absorbed energy remains as kinetic energy of the hot 
electrons and ions. Wab is the absorbed laser energy. 

The basic relationships governing the spectral limitation 
effect are confirmed by an analysis of the experimental data. 
We consider results of target implosion experiments carried out 
on the CO2 laser HELIOS at Los Alamos as well as results of 
computer simulations of these experiments done by the 
one-dimensional code DIANA. 

The peculiarity of this paper as compared to all the other 
experiments with CO2 lasers is that it includes results of 
measurements of all most important spherical target implosion 
characteristics. 

The final shell velocity, the plasma temperature and 
density, and the neutron yield have been measured as functions 
of the plastic layer thickness and, therefore, as a function of 
the degree of target heating by the hot electrons. 

These experimental results of implosion velocity and plasma 
temperature versus plastic thickness contain information on 
energy transport by hot electrons in the laser plasma corona, 
whereas the results on plasma density versus plastic thickness 
contain information on energy transport by hot electrons into 
the compressed part of the target (Fig.6). 

Computer simulations show that by using the spectrum-
limited model for the hot electrons an agreement between the 
numerical results and all the results of the HELIOS experiment 
is achieved. Figure 7 shows a comparison of the numerical 
results of DIANA and the experimental results. 

Figure 8 compares the numerical and theoretical dependences 
of the limiting energy on the plastic thickness. The fact that 
the dependence of the experimental limiting energy lies below 
the theoretical curve may be explained by effects of 
spontaneous magnetic-field generation and hot-ion acceleration 
in the experiment. We expect that, for reactor-scale targets, 
the limiting energy will be about three to five times the 
hot-electron temperature. Also shown is here the dependence of 
the hot-electron energy absorbed by the plasma on the plastic 
thickness or the degree of spectrum limitation. 

Now, we shall turn to energy transport by hot electron of 
the low-energy group of the spectrum in plasma corona (Fig.9). 
In studying this problem, we found a series of analytical 
solutions to the kinetic equation for different plasma density 
distributions. In Fig.9, formulation of the problem is 
presented. 

The main result of the analytical solutions is the fact 
that the energy transferred to the plasma is approximately 
uniformly distributed over the mass of the corona. This result 
was also confirmed by DIANA code numerical calculations. The 
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Experiment and computer simulation 

HELIOS experiments (LANL,USA) 
TAN, T.H., McCALL, G.H., KOOP, R., et al., Phys. Fluids 24 4 (1981 ) 754. 

E L « 2.5-3.8 kJ; Ea b~0.26EL 

rL ~ 1 ns; RQ = 150 ¿urn; A° = 1 /urn 

P°T^6XlO-3g-cm-3 ; A° = 1-100Mm 

Experimental results: 

uf versus A°, p{ versus A°, Tf versus A°, 

NDT versus A° 

uf (A°) and Tf (A°) contain information on energy transport by hot electrons 
in laser plasma 'corona'. 

pf (A°) contains information on energy transport by hot electrons in 
compressed plasma. 

Computer simulation - DIANA code 
(M.V. Keldysh Inst, of Applied Mathematics, P.M. Lebedev Physical Inst.) 
Code includes: 1-D hydrodynamic, electron and ion heat conductivity, 
electron-ion relaxation, classical and anomalous laser light absorption, 
hot-electron and radiation transport, ionization, real equation of state 

FIG. 6. HELIOS and DIANA results. 
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Helios implosion experiment (TAN, T., et al., Phys. Fluids (1981 )). 

ELAS = 2.5-3.8 U 

Eabs = °-26 ELAS 

RSD2 = 146Mm 

ACH = 0-100/¿m 

V3i2.5g.cm" 
(Pinhole) 

LASNEX 

DIANA 

J L 
20 UO 60 80 100 

0.1 

v=115kms" 

J L 
20 40 60 80 100 Ar 

FIG. 7. HELIOS implosion experiment: comparison of DIANA and experimental results. 
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computer simulation 

theoretical estimate 

FIG. 8. Comparison of numerical and theoretical dependences of limiting energy on plastic 
thickness. 

Formulation of problem 

Landau kinetic equation 

Impinging and scattering of hot electrons on plasma 
electrons and the ions, respectively 

One-group velocity approximation 

Two-group ('forward-back') approximation for 
angular distribution 

Steady-state approximation 

Spherically symmetric geometry 

Reflection of hot electrons from plasma boundary 

FIG.9. Analytical solutions of hot-electron kinetic equation. 
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pvr' const 

Q0 (r > rcr) 

Qo-g 0 /p r 2 dr ( r p <r<r c r ) 

0 (rab < r < r ) 

Target-mass-proportional heating by hot electrons: 

d_Q 

dm 

9 0
( r p < r < r c r > 

0 (r < rn, r > r_.) 
Th = 

1 2 A 2.„™-2 

2 

7 7 5 x i r r l o ( q L X 2 ) * k e V J 0 1 o < q L X 2 < 1 0 1 5 w W - c m -

1.38X10"3 (qLX
2)1/4keV, 1015<qLX2<1017W- ium2-cm 

/p(r)dr = l x d ( r c r )p c r 

P 

FIG.10. Steady-state 'corona' model with hot-electron transport. 

uniform mass distribution is due to the strong hot-electron 
scattering in the spherical plasma. 

Using these results, we found analytical, stationary 
solutions of the corona hydrodynamic equations with uniform -
with respect to the mass - absorbed laser energy distribution 
(Pig.10). 

In Fig.11 the results of stationary ablative pressure 
calculations are presented (full line). The abscissa is the 
absorbed laser energy flux density on the critical surface. 
For the purpose of comparison experimental and numerical 
results on ablative pressure from Professor C. Yamanaka's 
report at the 10th European Conference on Plasma Physics and 
Controlled Fusion, Moscow (1981) are also presented; the 
dashed line represents the stationary ablative pressure without 
including hot-electron energy transport. We see that the 
transport effect is very important for the build-up of the 
ablative pressure. For the CO2 laser, this process leads to 
an ablative pressure that is comparable to the ablative 
pressure in the case of short-wavelength lasers. 

In conclusion, I should like to note that effects of 
hot-electron spectrum limitation and hot-electron energy 
transport in the plasma corona are favourable from the 
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Ablation pressure Hydrodynamic efficiency 

p ab* 5 2 

10,s qJW-cm"2) 104 

+expenmental, «numerical resuUs: 
from C. Yamanaka, Inertial Fusion Research at 
ILE 0SAKA,Proc. 10fh Europ. Conf. Plasma 
Phys. Control. Fusion (MOSCOW.1981) 

Steady-State model: 
with hot-electron transfer 

without hot-electron transfer 

FIG. 11. Steady-state model (C02 model). 

viewpoint of effectively using the CO2 laser in inertial 
fusion. Optimization of reactor-scale targets including both 
effects yields a number of promising results. A hydrodynamic 
efficiency of about 10% and fuel heating by hot electrons less 
strong than is caused by shock waves in the DIANA code 
numerical calculations at the target for 1 MJ of CO2 laser 
absorbed energy are obtained. 
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Abstract 

DEVELOPMENT OF 2-D IMPLOSION CODES, AND IGNITION AND TRANSPORT OF 
FUSION PRODUCTS IN AN ENGINEERING TEST REACTOR. 

Two-dimensional simulation codes, HISHO and IZANAMI, have been developed and 
improved to include high-density plasma effects, atomic processes and radiation transport, 
which are important for describing high-density implosion. HISHO is a Lagrangian code with 
a new re-zoning method which allows non-spherical implosions to be analysed. HISHO uses 
the hot-electron stopping power and the scattering cross-section, which are obtained by the 
Thomas-Dirac muffin-tin atomic model. The equation of state and the radiation processes 
are described by an average-ion model. - IZANAMI is a fluid particle code which includes 
the SOAP (Second-Order Accurate fluid Particle) scheme, where moving grids are employed. 
This code is appropriate for describing strongly distorted implosions. Magnetic-field effects 
and radiation transport are also included in this code. - The design of an engineering test 
reactor (ETR) is reported with a reasonable target design for ignition and burning. The 
conceptual reactor designs of SENRI-I and II are employed and modified for ETR. - Ignition 
condition and target design for a 500 kJ driver have been investigated to obtain a pellet gain 
of about ten. A Monte-Carlo calculation yields the neutron spectrum from the target; the 
neutrons are moderated through interactions with the pusher and the fuel. Finally, the overall 
neutronics in ETR are investigated to find the neutron flux in the beam port and the design 
parameters for the neutron shielding. 

1. IMPLOSION CODE DEVELOPMENT 

We have developed 2-D simulation codes, HISHO and IZANAMI, to study 
the numerous interrelated physical processes important for inertial confinement 
fusion. 

113 
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FIG.l. An example of laser r. y traces in the cannonball target. 

HISHO 

HISHO is a.Lagrangian code with an arbitrary two-dimensional quadrilateral 
mesh. The Lagrangian code is suitable for calculating the implosion of thin shells 
and highly convergent flows with good uniformity. It is, however, difficult to 
simulate sheared motions by it. A new re-zoning method is introduced into the 
HISHO, which allows fluid elements to flow through the mesh. Specifically, the 
time difference scheme is solved along the local mesh trajectory that is moving 
at an arbitrary velocity relative to the fluid if large distortions are present. The 
accuracy of the scheme was examined by solving linear stability problems of self-
similar imploding spherical shocks [ 1 ]. The re-zoning method retains the accuracy 
of the Lagrangian hydrodynamics and is also capable of handling some amount 
of sheared and/or turbulent motions. 

The code has been used to predict and to analyse results of numerous laser 
implosion experiments and to design targets for the experiments undertaken by 
the GEKKO XII glass laser at Osaka University. Laser absorption by inverse 
bremsstrahlung and resonance mode conversion is calculated along the laser ray 
trajectory. Figure 1 shows an example of laser ray traces in the cannonball 
target [2]. The cannonball target is a double-shell target with holes on the outer 
shell, through which laser beams are injected. 

Resonance absorption generates suprathermal electrons. Their energy 
transport is calculated by the multi-group diffusion model with a self-induced 
electric field. As for the transport coefficients of the suprathermal electrons, the 
code includes energy relaxation to thermal electrons, excitation and ionization of 
bound electrons, the X-ray by bremsstrahlung and scattering by partially ionized 
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ions. The effective charge of the partially ionized ions depends on the impact 
parameter and is obtained by the Thomas-Dirac muffin-tin model. Thus, their 
energy transport is calculated with high accuracy in both hot plasmas and cold 
materials. The calculated X-ray spectral energy densities of the bremsstrahlung 
by the suprathermal electrons agree quite well with those of the cannonball 
target experiments. 

Accurate simulations of the high-density implosion need an appropriate 
description of material properties such as pressure, density, temperature, internal-
energy density, transport coefficients, X-ray-frequency-dependent opacities at 
high densities, etc. Calculation of these quantities requires knowledge of ionization 
states and atomic-level populations. In high-density plasmas produced by laser-
driven implosions, the pressure ionization, Fermi degeneracy and Coulomb 
interactions become very important. These effects are taken into account in the 
equation of state within an average-ion model. The pressure ionization is 
calculated by reducing the number of bound electrons of a given shell from 2n2 to 
zero as a smooth function of density for the principal quantum number, n [3]. 
The continuum lowering is also included in the equation of state, which is 
estimated from the one-component plasma model. As for X-ray line broadening, 
we have recently employed the electron band theory for the random system to find 
the ionic energy level spread in a high-Z, high-density plasma. One example for the 
density of state of a neon plasma is shown in Fig.2. 

We have recently designed a large-cavity cannonball target whose outer shell 
is composed of high-Z material. Laser beams are irradiated mainly onto the inner 
surface of the outer shell. The outer shell then emits X-ray radiation that drives 
the ablative implosion of the inner shell. The X-ray-driven ablation leads to high 
hydrodynamic efficiency and good uniformity. The X-ray transport is calculated 
from the multi-group diffusion model or the multi-group ray-tracing model. 

IZAN AMI 

The non-LTE average-ion model and the multi-group radiation transport 
model have been implemented in the 1-D Lagrangian hydrodynamic code 
HIMICO [4] and the 2-D fluid particle code IZANAMI. The simulation codes are 
used to recover the experimental results obtained by the frequency-doubled 
(0.53 jum) GEKKO IV Laser. The calculated X-ray spectrum from a gold disc 
target is shown in Fig.3 by the solid line [5]. The experimentally obtained spectrum 
is also shown in the figure by open circles. The spectrum obtained by the LTE 
model, which is shown by the dashed line, has a significant fraction of high-
energy X-rays. 

The 2-D fluid particle code IZANAMI uses the SOAP [6] (Second-Order 
Accurate fluid Particle) scheme, where moving grids are employed. Recently, 
magnetic-field generation and effects on electron transport have been included 
in the code. In our scheme, the magnetic flux is frozen in the fluid particles 
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FIG.2. Density of state of Ne for energy level of principal quantum number n = 2. The 
plasma temperature is 500 eVand the density is varied from Ig/cm3 to I5g/cm3. 
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FIG.3. X-ray spectrum from laser-irradiated gold disk. Experimental results: open circles; 
non-LTE calculation: solid line; LTE-calculation: dashed line. 
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FIG A. Ignition conditions and predictions by computer simulation. Solid (dashed) line: 
ignition condition without (with) high-Z tamper; dash-dot and dash-dot-dot lines: 
boundaries for dominant energy loss mechanism. 

and convected. By this method, a less diffusive and more stable calculation becomes 
possible. The code has been applied to magnetic-field convection, and we have 
found a new amplification mechanism of the magnetic field due to the Nernst 
effect [7]. 

2. REACTOR DESIGN 

Introduction 

Large energy drivers for inertial confinement fusion have started operation 
or will be completed in the near future. These drivers are expected to demonstrate 
ignition and/or breakeven and yield the technical data necessary for planning 
experiments with the engineering test reactor (ETR). Therefore, we designed the 
ETR by modifying and/or refining our conceptual reactor designs of SENRI-I 
and II [8-10]. 

Ignition and target design 

The ignition conditions and the computer simulation predictions are shown 
in Fig.4, wjiere the broken line indicates the ignition condition which is relaxed 
by the tamper effect of reducing the expansion velocity. We also show in Fig.4 
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TABLE I. TARGET DESIGN AND IMPLOSION PARAMETERS FOR 
500 kJ LASER IMPLOSION 

Laser energy (kJ) 500 

Target radius (mm) 1.2 

Uniformity requirement (%) 3 

Igniter radius, final (/xm) 40 

Fuel density 3500 X liquid density 

Pellet gain 10 

FuelpR(g-cm~2) 0.55 

Pusher pR (g • cm-2) 5.0 

that the dominant energy loss mechanisms are different for different routes to 
ignition. The dash-dot and dash-dot-dot lines indicate the boundaries between the 
regions dominated by radiation, expansion and electron thermal conduction losses. 

In our engineering test reactor, we assume that the laser output energy is 
500 kJ, with a pulse length of 2 to 3 ns and a wavelength of <0.5 ¡xm. Using 
ablation pressure scaling, we estimate the target radius to be about 1.2 mm for 
500 kJ, where the non-uniformity has to be less than 3% for a hot-spark radius 
of Rs = 30 to 40 fim. For an ignition temperature of 5 keV, the ignition 
condition of Fig.4 shows pRs> 0.4 g-cm-2. Specifically, an ignition with a coupling 
efficiency of 5% requires a driver energy of 300 kJ. In this case, a reasonable 
pellet gain for 500 kJ is about Q = 10, and the total fusion output energy is 5 MJ. 
Laser parameters and target performance are summarized in Table I. 

In designing ETR, it is also interesting to discuss effects of a-particle confine
ment by a compressed high-Z tamper [11] and nuclear-spin-polarized fuel [12] 
for relaxing the ignition condition. Note here that the fusion products from the 
polarized fuel have an anisotropic angular distribution, f(0) = sin20 for a polar 
angle 0, where 6 = 0 is the direction of polarization. Therefore, there are two 
merits to be expected: enhancement of a-particle energy deposition and of 
neutron shielding. 

Neutronics and ETR design 

The structure and the scales of the ETR vessel are as follows: the main 
wall of 1 m radius is protected by a small ceramic ball of 25 cm radius, which is 
assumed to be replaced every 1000 shots. This ceramic ball is also useful for 
examining material damage under the high neutron loading. The total neutron 
yield for the 500 kJ shot is about 1018 N/shot which is enough for a neutron 
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FIG.5. Neutron energy spectrum from 50 kJ laser implosion. Broken (solid) line: spectrum 
inside (outside) inner ceramic wall. 

loading higher than 1014 N- cm"2 on the ceramic wall. The neutron spectrum is 
modified by interactions with fuel, pusher-tamper and ceramic wall. In our target 
design, the pusher pR is about 5. g-cm"2, and the neutron spectrum as calculated by 
an ANISN code is found to be moderated significantly. The neutron spectra both 
inside and outside the ceramic wall are shown in Fig.5. 

We also estimated the neutron flux distribution around a beam port by the 
ANISN and Monte-Carlo codes. The results indicate that the neutron flux along 
the SUS liner of the beam port is reduced significantly by a crank in the beam port. 

CONCLUSIONS 

(i) The ignition condition is relaxed by high-density tamper effects and by 
polarizing the fusion fuel, 

(ii) The reactor vessel with a ceramic ball allows the design of a compact, 
economical and long-lived ETR, which is useful for high-neutron-load 
experiments, 

(iii) The detailed design of shielding and final optical elements is performed by 
neutronic calculations and nuclear data of a wider variety of materials. 
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Abstract 

INERTIAL CONFINEMENT FUSION RESEARCH AT DENIM, SPAIN. 

Major efforts of the DENIM group have centred on obtaining accurate models for 
analysis of the physics and performance of inertially confined fusion targets and research 
on conceptual analysis of fusion reactor cavities and blankets. The models developed were 
applied numerically, and an important set of physical and technological consequences were 
derived, from which guidelines for coupled beam/target design emerged. Directions for 
present and future development include improvements in ionization models, equations of state, 
thermal radiation transport, beam/target interaction, kinetic description of plasma and 
numerical studies on target configuration and pulse shape optimizations. This work will make 
it possible to determine the calculational capability for the subsequent research phase of 
conceptual analysis of ICF reactors. 

1. INTRODUCTION 

A key subject in inertial confinement fusion (ICF) research and conceptual 
development is the analysis of the physics and performance of ICF targets. 
Theoretical and experimental research in this field is required in order to 
overcome the serious uncertainties related to beam energy absorption and 
transport in ICF targets and to their dynamical behaviour during implosion, 
ignition and burn phases. 

The research efforts of the DENIM group have since 1975 [1—9] centred on 
analysis and numerical simulation of the most important physical effects in the 
dynamics of the ICF microsphere subject to irradiation, either by light or heavy 
ions or by laser, as a research phase prior to conceptual and experimental design. 

The research objectives at DENIM include rigorous study of the numerous 
physical processes involved in ICF target dynamics in order to improve the 
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simulation capabilities of the coupled nuclear THD code in use (NORCLA) in 
setting up a firm basis for the conceptual analysis of ICF devices. Current 
research work is therefore focused on target physics (both THD and nuclear 
processes) and conceptual analysis of reactor cavities and blankets. 

2. RESEARCH OBJECTIVES AND CAPABILITIES 

The basic areas of research of the DENIM group are as follows: 

(a) Analysis of the driver energy deposition on the ICF microsphere for 
light or heavy ions and for lasers. 

(b) Analysis of the energy transport mechanisms to the innermost zones of 
the ICF target. This is clearly one of the most important areas in the 
analysis of fusion microsphere dynamics. Knowledge of the mechanisms 
involved in the compression phase is certainly the key to an appropriate 
ICF target design, and much research in the physics of matter at high 
temperatures and pressures is still to be done. 

(c) Analysis of the energy transport mechanisms and fuel burnup effects in 
the burn, ignition and propagation phases of the ICF targets with the 
achievement of its energy performance. 

Numerical simulation of ICF targets is performed by means of the coupled 
nuclear THD code NORCLA. The initial capabilities of this code are described 
in Refs [ 1 —4] and an improved version is being used at present. 

The THD module in NORCLA (NORMA) [1-4] carries out the ion beam 
energy deposition coupled to the THD evolution with independent electron and 
ion temperatures. It includes equations of state (EOS) corrected by electron 
degeneracy and pressure ionization (in good agreement with the SESAME [10] 
library) and an equilibrium diffusion analysis of radiation and electron 
energy transfer. 

The nuclear module in NORCLA (CLARA) performs the detailed transport 
of both fusion reaction products and suprathermal particles in the compression 
phase (electrons in laser compression or ions in ion beam-driven fusion) on the 
basis of the THD configurations supplied by the THD module NORMA, and 
provides the space-and time-dependent nuclear reaction rates and yields, fusion 
fuel burnup and energy deposition data. 

Neutron transport is performed in CLARA via multigroup discrete-ordinate 
transport calculations including energy deposition via Kerma factors. Suprathermal 
charged-particle energy transport and deposition are analysed by means of a 
specially developed space-energy or space-energy angle coupled finite-element 
treatment of the Fokker-Planck equation modified for the case of large-angle 
collisions. The interface of CLARA with the THD module (NORMA) is per
formed by the supply of pointwise energy and momentum sources derived from 
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transport processes. The effects of the medium motion on the transport processes 
are taken into account, when important, by appropriate drift and acceleration terms. 

By means of the code NORCLA, and as a test of the importance of various 
physical effects, hydrodynamic and nuclear performance are at present being 
analysed for a set of typical ICF target designs. This allows a complementary 
line of analysis of alternative designs for target configuration subject to different 
driver-beam pulse shapes. 

3. NUMERICAL SIMULATION OF ICF TARGETS 

The dynamics and performance of several ICF target and beam pulse 
concepts have been analysed by means of the NORCLA code [1-7] . 

Basically, multilayered Pb-Al-Pb-DT single-shell heavy ion beam-driven 
targets were analysed. Our analyses showed that simple theoretical criteria 
based on central temperatures and pR values, resulting in a severe hot spark 
condition for fuel ignition, have to be replaced by a suitable numerical simulation. 
Radiation preheating and isothermalization of the fusion fuel hinder the 
formation of such a profile, and the mechanisms responsible for the energy 
transport in the microsphere permit reasonably high fusion burnups to be 
reached if an appropriate pulse-shaped target configuration is used. Therefore, 
the inclusion of all significant physical effects in a detailed simulation code 
seems necessary if accurate performance is to be obtained. 

Electron conduction and radiation transport, in addition to other 
mechanisms such as suprathermal electron transport (laser-driven fusion) are 
the basic processes that condition the fusion fuel ignition as a result of their 
isothermalization and preheating effects. 

Although electron conduction and radiation transport are important 
mechanisms in the ignition propagation phase of the target evolution, fusion-born 
neutrons and a-particles (DT fusion) are its main agents [4]. 

The physical structure of the ICF target plays a decisive role in achieving 
high fusion fuel burnup. Only by appropriate design can the necessary fuel 
recompression appear and increase the fuel burnup to a high degree before the 
pellet finally disintegrates. The mass and aspect ratios of the material layers of 
the microsphere are critical in obtaining efficient energy transfer from the 
external zones to the fusion fuel. 

Tables I and II show THD compression efficiency and burn performance 
parameters for a set of pulse shapes and microsphere structure configurations 
from which the influence of the various design quantities can be observed. 

As a general result of this analysis, pulses of about 250 TW/mg DT, 
2 MJ/mg DT ( 1 - 4 mg DT targets) are considered as a minimum to obtain 
significant target gains (80 or more), even though further analysis seems to show 
that optimization of mass ratios could lower these requirements. 
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TABLE I. SUMMARY OF RESULTS FOR VARIOUS DRIVER PULSE SHAPES 

Pulse shape 

P(TW) 

2.4 

720 
7.2 MJ 

10 20 Tins) 

P(TW) 

2.4 

720 
5.78 MJ 

10 18 Tins) 

P(TW) 

2.4 

720 
5.06 MJ 

10 17 Tins) 

PITW) 

2.4 

720 
4.34 MJ 

10 16 T(ns) 

Tm„|keV) 

2.23 

2.14 

2.00 

1.90 

Pure hydrodynamics 

pRm„ 
(g/cm 2) 

3.38 

3.37 

3.01 

2.91 

IF 
(%) 

5.27 

5.66 

6.13 

6.41 

Hydrodynamics 

pR recomp. 

(g/cm2) 

5.26 

5.25 

4.73 

3.46 

• nuclear 

E, gain 

64 

80 

86 

80 

TABLE II. SUMMARY OF RESULTS FOR VARIOUS TARGET 
CONFIGURATIONS 
(hydrodynamic results: no nuclear burn) 

10ns, 10ns/7.2TW, 720TW 

10 GeV Bi+ pulse 

R,It=0.3cm 

2mg DT/15mg Int. Pb 

A R f f ^ = = = : ? Pb 
y / A I 

Y~~~ - - - 7 Pb 

\ /DT 

\ / void 

V 

Aspect ratio, 

R „ / A R T 

4.03 

4.63 

4.98 

5.35 

Al mass 

(mg) 

132 

99 

83 

71 

Ext. Pb mass 

(mg) 

63 

132 

160 

176 

max 

IkeV) 

2.15 

2.37 

2.42 

2.51 

PRa»x 

(g/cm2) 

3.38 

3.80 

3.82 

4.25 
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The practical significance of these results is conditioned by the uncertainties 
associated with the calculations. Great efforts are needed on emission and 
interaction coefficients for radiation transport and atomic interaction constants 
as well as in the physics (EOS) of materials subject to conditions of extreme 
densities and temperatures. 

4. PRESENT RESEARCH AND FUTURE DEVELOPMENT 

The importance of accurate physical models to analyse ICF target behaviour 
precludes the indiscriminate use of sophisticated but physically poor methods 
of calculation; the main effort of the DENIM group is towards improving the 
physical models involved in the simulation code used for coupled calculations. 
The research of the DENIM group is therefore focused on developing new 
improvements to the NORCLA code so as to obtain an efficient and accurate 
simulation code for ICF target dynamics. ICF reactor cavity analysis is also 
being worked on. The four main areas of current research activity at DENIM 
are described below: 

(a) Physics of atomic systems and statistical description of ICF plasmas 

Important developments have been made in the statistical description of 
plasmas in order to improve the equations of state (EOS) and calculation of 
radiation opacity constants required for hydrodynamics and radiation transport. 
A preliminary average atom model has been used in the initial phase, and more 
detailed Thomas-Fermi descriptions are being developed for the electronic 
population of the atoms in the ICF target materials. 

Figure 1 plots average ionization versus density for Al at 1 keV as obtained 
by the PANDORA code [8] and as provided by the SESAME [10] library. Fairly 
good agreement is found. 

T 

10"3 10"2 10~1 10 101 102 103 

DENSITY (g/cm 3 ) 

FIG.l. Comparison of SESAME (solid line) 1983 and PANDORA (dashed line). Average 
ionization for Alat T= 1 ke V. 
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0Û 
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i 
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(b) Hydrodynamics and radiative transfer 

A three-temperature (3-T) (ion, electron, radiation) formulation of the 
energy equation has been included in the THD module (NORMA) for an accurate 
description of the energy transport processes and, mainly, for the fusion fuel ignition 
propagation in the ICF target. Until that phase, the 3-T results are very similar 
to those obtained with 1-T calculations. 

A thermal radiation transport module is also being developed. This module 
solves the radiation energy transport equation in a multigroup frame by means 
of flux-limited diffusion approximation with externally supplied scattering and 
opacity constants (taken from external libraries [ 11 ] or from our own sources [8]). 
To test the suitability of the diffusion coefficients used, and as a means of 
extending the method to 2-D calculations, a parallel discrete-ordinates treatment 
of the radiation energy transport equation has also been developed. 

New improvements are being developed for the ion beam/target interaction 
module (STOP) on-line to better consider ionization potentials and effective 
charges in the frame of the present Bethe-Bloch formulation, with consideration 
of the dielectric function in free electron stopping power. 

(c) Transport processes by suprathermal particles 

Improvements have been and are still being made in the analysis of supra-
thermal particle transport. Routines have been developed for analysis of: 

— The effects of ion beam dynamical divergence, due to finite beam radius, 
on energy deposition profiles. 

— The effects of non-equilibrium ion species transport on the fusion fuel 
ignition and burn. 

— The effects of laser-produced suprathermal electrons on target preheating. 

The importance of the first of these effects is shown in Fig.2, where, for 
realistic beam-to-pellet radii ratios (=1.0), a significant change in the energy 
deposition profile is obtained. 

(d) Beam/target interaction 

A computational module for modelling the laser/corona interaction in the 
case of laser-driven fusion is also under development. It includes the treatment 
of inverse bremsstrahlung and anomalous absorption coupled to the THD module, 
and allows analysis of the laser compression of the ICF target from the beginning 
of the irradiation just as in the case of ion beam-driven fusion. 

In reactor cavity design, work is still at the stage of testing calculational 
capabilities. In this context, fairly good results [12] have been obtained in 
comparison with well-established ICF conceptual reactor designs such as 
HIBALL [13] and SOLASE [14]. 
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FIG. 2. Effect of ion beam focusing on energy deposition profiles for 10 Me V protons in 
gold at solid density and room temperature (focusing parameter r = beam radius/pellet radius). 

Considerable effort is also being made in nuclear constant processing for 
the materials present in ICF reactors in order to reduce the uncertainties 
restricting the accuracy of simulation calculations. Extensive parametric analysis 
of ICF beam/target design is also being performed. 

Other directions for future development include efforts to obtain more 
reliable nuclear and atomic data, to develop improved descriptions of IGF 
materials, to develop a kinetic description of the behaviour of the species in 
the confined ICF target, and, in general, to achieve a physically plausible 
description of the numerous phenomena in ICF. 
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Abstract 

MAGNETIC FIELDS AND THERMAL FLUX INHIBITION IN INERTIAL CONFINEMENT 
FUSION. 

Of critical concern in directly driven laser fusion systems is the understanding of electron 
thermal transport between the region where laser light is absorbed and the ablation layer where 
the high pressures which accelerate the imploding shell are generated. Evidence has accumulated 
over the past several years which indicates that the heat flow rate may be strongly inhibited. 
Computer hydrodynamics models used to interpret experimental results have typically employed, 
in an ad hoc fashion, strong flux^limited diffusion which has led to fairly widespread acceptance 
of a flux inhibition value near f = 0.03. It is shown in this paper that the observed flux 
inhibition can stem directly from the strong magnetic fields generated at the ablation layer as a 
result of modest laser asymmetries. These fields are shed from the ablation layer and fill the 
overdense region which strongly influences the thermal transport. The self-consistent numerical 
simulation of thermal transport in this environment shows strong thermal flux inhibition as 
interpreted from the following computational measurements: (1) reduced ablation pressures, 
(2) reduced implosion velocities, (3) reduced mass ablation rates, (4) density profile 
flattening, and (5) reduced classical absorption; all of which have been experimentally observed. 
The mass ablation rates obtained from the self-consistent two-dimensional model agree well 
with a one-dimensional model using an imposed flux inhibition factor of 0.03. 

An understanding of electron thermal transport between the 

region where the laser light is absorbed and the ablation 

layer is of critical concern in directly-driven laser fusion 

systems. Evidence has accumulated over the past several years 

which indicates that the heat flow rate may be strongly inhib

ited. The signatures for strongly inhibited thermal flux are 

increased burn-through times [1], reduced implosion velocities 

[2], reduced mass ablation rates [3], density profile 

flattening [4], significant energy losses to fast ions [5], and 

reduced classical absorption [6]. 

* Supported by US Department of Energy and Office of Naval Research. 
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Computer hydrodynamics models used to interpret these 
experiments have typically employed strong flux-limited dif
fusion. These codes usually model the heat flux as q-1 = q^1 + 
(fq f s)

- 1, where qR = -KT
5/2VT is the classical thermal flux and 

K is the unmagnetized transport coefficient [7]. qfs = 
n m ~1/2(kTe) is the free-streaming flux where ne, me, T e 

are the electron number density, mass and temperature, respec
tively, f is the flux inhibition factor. Computer modeling of 
both planar and spherical experiments with short pulses 
(£ Ins), high absorbed intensities (£, 10lt+ W/cm2) at 1.054 \im 
laser light has led to fairly widespread acceptance of a flux 
inhibition value near f = 0.03. This approach is deficient in 
at least two respectsî it is ad hoc and it avoids addressing 
the physical cause of the flux inhibition. 

Several mechanisms have been proposed as being responsible 
for the poor transport. These include ion-acoustic turbu
lence [8], the Weibel instability [9], large-scale magnetic 
fields due to finite-size laser spots [10], small-scale 
turbulent magnetic fields [11] and deficiencies in the modeling 
of classical diffusion [12]. Serious theoretical questions 
remain concerning the ability of the first two mechanisms to 
provide enough inhibition, and it is unlikely that magnetic 
fields generated solely in the underdense region or at the edge 
of the laser spot would be effective in inhibiting the 
transport. As yet, none of these mechanisms has been fully 
implemented into multi-dimensional hydrodynamics models to 
investigate the resulting flux inhibition in a self-consistent 
manner. 

Magnetic fields will be generated in laser-produced 
plasmas whenever the density and pressure profiles become non-
collinear [13]. Large dc magnetic fields have been observed in 
the underdense region [10] in laser-produced plasmas and have 
been associated with the finite-size nature of the laser beam. 
Modest asymmetries (0(2:1)) on the interior of the laser beam 
generate pressure variations at the ablation surface which also 
provides a source for large magnetic fields [14], As a result 
of the ablation process, these fields are shed from the 
ablation layer and convected into the blowoff, filling the 
overdense region. We show here that these fields can give rise 
to strong thermal flux inhibition. It should be noted that 
laser asymmetries (0(2:1) or larger) have been inherent in 
nearly all thermal flux inhibition experiments. 

A simplified model equation governing the development of 
the magnetic field is 9$/8t + u«VB = -c/en| V ne x V p e~ ÈV»u 
where c is the speed of light and e, n and p are the 
electron charge, number density and pressure, respectively. 
The first term on the RHS is the baroclinic source term which 
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generates magnetic fields (and vorticity) whenever the density 
and pressure gradients are noncollinear. This is an approxima
tion to the complete magnetic field expression [7] as obtained 
from the generalized Ohm's law which also contains the resis
tive diffusion, magnetic pressure and thermal-force terms. 
These terms have a very minor role in the simulations presented 
here. The resistive diffusion times for these fields are much 
longer than the duration of the laser pulse, and the magnetic 
Reynold's number is large enough (R > 10) to indicate that 
the fields are "frozen-in". The magnetic pressure is seldom 
more than a few percent of the plasma pressure. At the 
ablation layer, where the fields are being generated, the 
product of the electron cyclotron frequency (wce) and the 
electron-ion collision time (T¿e) is very small (

w
ce
Tie:£ 

10~ 2). This implies that the thermal-force term [15] is not 
playing a role in this region. When w

c e
T - ¡ e > 1 in the blowoff 

region, the thermal force term is typically an order of magni
tude smaller than the baroclinic source term. An examination 
of the complete expression for the thermal conductivity coeffi
cients in a magnetized plasma [7] shows that the ratio of the 
coefficient for transport across a magnetic field to the coef
ficient for an unmagnetized plasma is < 0.10 for u T. = 1 and 
Z > 6. This ratio is ~ 0.02 for ^ c e x i e » 4.

 u
c e

T i e
l s o f t h i s 

order are easily attained in this parameter regime. 

It remains to show under what conditions the rate at which 
magnetic fields are generated at the ablation surface due to 
laser asymmetries exceeds the rate at critical due to finite-
size laser spots. Ignoring convection and compression, the 
magnetic field equation can be written as Ê s (ck/e)T L^1 LT1, 
where k is Boltzmann's constant and Lm(L ) is the temperature 
(density) gradient scalelength. Early in the pulse for a typi
cal 2:1 asymmetry case with a 50 ym wavelength (case E), T a 

100 eV, L T » 100 ym and L » 0.4 um at the ablation layer, 
giving B » 2.5 x 1016G's~ . In the usual treatment of finite-
size spot effects, near critical T « 2 keV and L » 200 um. 
Assuming T falls by 2 orders of magnitude over the radius of 
the spot (LT » 2.2 x 10~

5 r where r is the spot radius in 
microns) gives B * 5 * 1017/r G«s-1. Thus the field generation 
at the ablation layer is greater than that at critical except 
for very small spot sizes, r <, 20 ym. This is a result of the 
very steep density gradient at the ablation surface. 

We model the interaction of moderate to high intensity 
(1013 W/cm2 ¿ I ¿ 1015 W/cm2), short pulse (¿ 1 ns), 1.054 ym 
laser light on thick (25 ym, 5.5 mg/cm2) planar carbon targets 
with our hydrodynamics model, FAST2D [16]. For the results 
presented here the nearly sinusoidal periodic variation in 
incident intensity is 73% (AI/<I> = 0.73, AI = I m a x - In¿n) 
with a spatial wavelength of 50 ym and a gaussian pulse length 



132 EMERY et al. 

TABLE I. DATA COMPARISON AT PEAK OF LASER PULSE 

<I> I 

a > A 

P 

m 

V 

Ap/p 

D ac 

L 

B 

S 

A 
U 

1.6 

1.5 

3 .3 

1.0 

1.4 

4 . 0 

47.0 

143.0 

0 . 3 

687.0 

B 
M 

1.6 

1.0 

2.4 

0 .7 

0.94 

24.0 

16.0 

156.0 

6 .0 

100.0 

C 
U 

9 .0 

7.2 

9.9 

2 .3 

1.7 

6 .0 

144.0 

127.0 

0.73 

412.0 

D 
U 

25.0 

16.0 

22.8 

3.5 

5 .0 

4 . 0 

236.0 

190.0 

0.67 

570.0 

E 
M 

25.0 

12.0 

12.8 

1.5 

2 .8 

17.0 

117.0 

400.0 

3.0 

160.0 

F 
M 

65.0 

23.0 

18.5 

1.74 

3.7 

34.0 

194.0 

390.0 

7 .0 

74.0 

M(U) are cases with the magnetized (unmagnetized) transport. 
<I>j (<I>A) is the spatially averaged incident (absorbed) laser 
intensity (1013W/cm2); P(Mb) is ablation pressure; m (105 

g /cm2s) is mass ablation rate; v(10°cm/s) is target velocity; 
Ap/p is variation in ablation pressure across target; Dac (um) 
is distance between ablation and critical; L(ura) is density 
scalelength at 1/4 critical; B(MG) is peak magnetic field 
strength at the ablation layer; L~ (urn) is the temperature 
scalelength across the target surface. 

of 1 ns FWHM. FAST2D is a fully two-dimensional Cartesian code 
with a sliding Eulerian grid with variable grid spacing. The 
ablation layer is finely resolved with a grid spacing of 0.10 
Mm. Finer zoning produces no discernable difference in the 
results. The refined subzoning follows the ablation front 
throughout the course of the run. FAST2D solves the ideal 
hydrodynamic equations using the flux-corrected transport (FCT) 
[17] algorithms with a two-dimensional magnetized plasma 
thermal conduction routine which includes the thermal flux per
pendicular to both the magnetic field and the temperature 
gradient (the Righi-Leduc term) and the complete charge-
dependent magnetized transport coefficient. The laser energy 
is absorbed classically, with 10% of the irradiance that reaches 
critical being absorbed resonantly. The code has been exten
sively documented against experimental data [18] and is dis
cussed in some detail in Ref. [16] and references therein. The 
numerical results are summarized in Table I. 
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FIG.l. Contours of magnetic field strength in 10% increments of the maximum at 0.4 ns (a) 
and 0.6 ns (b) for Case E. Solid (dashed) contours indicate a field direction out of 
(into) the plane. The long dashed line is the critical surface. The dimensions are in urn. The 
laser impinges on the foil from the right. One half of a wavelength is shown with the laser 
intensity at its minimum at the bottom edge of each picture. The ablation surface is at 10 fxm. 
The peak field strengths are 2.3 MG (a) and 2.8 M G (b). 

Figure 1 shows the magnetic field structure at two dif
ferent times for a typical 1 ns FWHM run (Case E of Table I). 
For this run the spatially averaged peak incident intensity is 
2.6 x 1014 W/cm2 (3.6 x I0llf W/cm2 - 1.7 x 10ll+ W/cm2) and the 
spatially averaged absorbed intensity is 1.2 x 1014 W/cm2, 
yielding 45% absorption. The shedding of the fields from the 
target as a result of the ablation process is evident at 
0.4 ns. By 0.6 ns this structure has nearly separated from the 
target and is being convected downstream. The magnetic field 
structure effectively fills the region between ablation and 
critical. At 0.6 ns the source term at critical is 2 orders of 
magnitude smaller than at the ablation surface. Since Faraday 
rotation experiments have been unable to measure fields at 
densities greater than critical [10, 19], a Faraday rotation 
measurement of the data in Fig. lb would indicate a maximum 
field strength in the underdense region. An identical 
calculation,except with the magnetized transport turned off, 
gives 60% absorption and peak magnetic fields of order 700 kG 
(Case D), down from 3MG in the previous case. 

The magnetic fields influence the evolution of the laser/ 
plasma interaction in several ways. The fields are generated 
at the ablation surface early in the pulse near where the gra
dient in the laser intensity is the largest; approximately 
midway between the intensity maximum and minimum. The fields 
are shed from the ablation layer and reduce the longitudinal 
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FIG.2. Comparison of the density, p (g/cm3), pressure, p (1013 dynes/cm2) and temperature 
T (ke V) profiles at the peak of the 1 ns pulse between the magnetized transport (-
and the unmagnetized transport (—, Case D). 

Case E) 

101 4 (W-cm"1) 

FIG.3. Mass ablation rate as a function of the spatially averaged absorbed intensity for the 
unmagnetized (*) and magnetized (x) transport and the one-dimensional results with 
f=0.03 (o). A ¡s tne resuit for 1/2 ns FWHM pulse; • is the result for 1/4 ns FWHM pulse, 
and # is the result for 3.5 ns FWHM pulse. 
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transport. The Righi-Leduc term, which controls the flux per
pendicular to both B and VT, plays a dual role here. This term 
produces a transverse heat flow from the cooler to hotter 
regions in the underdense plasma. This is the source for the 
thermal instability discussed in the literature [20]. Fortu
nately this instability is self-limiting. An increase in the 
transverse temperature gradient in the underdense magnetized 
plasma also increases the rate of heat flux out of the system 
back towards the laser. Also, an increase in temperature in 
the region where the laser is hottest reduces the amount of 
classical absorption there and effectively turns off the 
driving term for this instability. Temperature throughout the 
underdense region is increased as a result of the inhibited 
transport, thus reducing the amount of classical absorption. As 
a result of this complex interplay between the transverse and 
longitudinal transport the peak magnetic field strengths at the 
ablation layer appear uncorrelated with peak laser intensity. 
The peak field strengths are, however, inversely proportional 
to the temperature gradient scalelength across the target 
surface,as is the baroclinic source term. 

Figure 2 compares the density (p), pressure (p) and 
temperature (T) profiles which have been spatially averaged 
across the system for magnetized transport (solid lines) and 
unmagnetized transport (dashed lines) for approximately the 
same absorbed intensity. Relative to the unmagnetized case, 
the profiles for the magnetized case show a reduced ablation 
pressure, steeper temperature gradient and higher temperature 
in the blowoff and flatter density profile. 

The mass ablation rate is very sensitive to the thermal 
transport. Fig. 3 compares the mass-ablation rates between the 
magnetized and unmagnetized cases as a function of average 
absorbed intensity. For the unmagnetized transport case m oC 
I , which agrees well with experiment and theory in the low 
intensity regime[21] (I < (2 - 3) x 1013 W/cm2), where the 
transport is not expected to be strongly inhibited. For the 
magnetized transport case the mass ablation rate is a strong 
function of the absorbed intensity and shows two fairly 
distinct scaling regimes: m oc I* for I < 1014 W/cm2, and m oC 
I# for I > 1011+ W/cm2. Also shown in Fig. 3 are the mass-
ablation rates from a 1-dimensional simulation (FAST1D) [22] 
with an imposed flux inhibition factor of 0.03. The agreement 
is quite good. 

In summary, we have shown that the observed thermal flux 
inhibition can stem directly from the strong magnetic fields 
generated at the ablation layer as a result of modest laser 
asymmetries. The multi-megagauss magnetic fields shed from the 
ablation layer fill the overdense region and strongly 
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influence the thermal transport. The self-consistent treatment 
of thermal transport in this environment shows strong thermal 
flux inhibition which is interpreted from detailed simulations: 
(1) reduced ablation pressures, (2) reduced implosion 
velocities, (3) reduced mass ablation rates, (4) density 
profile flattening and (5) reduced classical absorption; all of 
which have been observed experimentally as well. The 
spatially averaged mass ablation rates obtained from the self-
consistent two-dimensional model agree well with a one-
dimensional model using an imposed flux inhibition factor of 
0.03. If ablation-layer-generated magnetic fields are indeed 
the mechanism for thermal flux inhibition, there may be 
considerably less inhibition as experiments go to larger spot 
sizes, longer pulses and more uniform illumination. 
Experiments [23] have already indicated that this may be true. 
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Abstract 

EXPERIMENTS ON PHYSICS OF DIRECT LASER DRIVE IMPLOSION OF SPHERICAL 
TARGETS. 

Experimental results on laser/plasma interaction physics, ablation and non-uniform 
illumination for short-wavelength lasers are presented and discussed. In quasi-homogeneous 
plasma, stimulated Brillouin scattering is observed, but at low levels. Raman instability is 
detected and correlated with some fast electron generation. High velocities of matter and an 
ablation pressure of 50 Mbar were measured. Ultra-high pressures in excess of 200 Mbar are 
estimated from foil collisions. Non-uniform illumination was observed, with some smoothing 
coming from obliquely incident light. 

INTRODUCTION 

Recent research in laser/matter interaction physics has shown that the short-
wavelength laser (SWL) is a very good ' candidate for use in experiments related 
to drivers for inertial fusion. Energy deposition is effected by collisional absorption 
energy [1—4] of fast electrons generated by resonance absorption strongly 
reduced [2]; electron energy transport seems to be less strongly inhibited and good 
hydro-efficiency is expected. Even for indirect drive, SWLs' high conversion efficiency 
is an advantage. However, for direct-drive targets, when large targets and long 
pulses are used, new problems are expected to arise, e.g. parametric interaction 
instabilities, preheating by shock or radiation, non-uniformities of illumination. 
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Future high-energy laser candidates are at present the krypton fluoride laser, 
operating at 0.25 /urn, or the frequency-tripled glass laser operating at 0.35 jum. 
Our experimental programme is therefore focused on 0.26 jum wavelength inter
action obtained from a frequency-quadrupled glass laser. 

Our laser system is a two-beam phosphate glass, with 90 mm aperture rods, 
an output pulse of 100 J in a 600 ps pulse per beam. Frequency conversion is 
made by KDP crystals and at 0.26 /um gives 20 J in 400 ps per beam. Recent results 
indicate higher efficiency in the range 30—35% at 0.25 jum wavelength. Quartz-
made focusing optics were f/2.5 aperture for illuminating plane targets, and f/1 
for illuminating glass microballoons. Intensities on targets ranged from about 
5 X 1014 W/cm2 to 2 X 1015 W/cm2. The experiments cover interaction physics, 
ablation and high pressure generation, and problems of uniformity in energy 
deposition. 

INTERACTION EXPERIMENTS 

The undoubted high level of collisional absorption and the great reduction 
of resonant absorption are well established. However, the possibility remains, in 
homogeneous plasmas, that parametric instabilities could arise in the underdense 
region, giving large plasma reflectivities by stimulated Brillouin scattering (SBS) or 
stimulated Raman scattering (SRS), or hot electron production from SRS or 
two-plasmon decay (TPD) instabilities. We generated quasi-homogeneous plasmas 
in various ways. Thin foils or low-density foam were irradiated for this purpose. 
Preformed plasmas were also irradiated as follows: a laser pulse was focused on 
one side of a thin plane target with moderate intensities in the range 1014 W/cm2 

on a focal spot 200 jum in diameter. On the other side of the target, with a temporal 
delay of 0.8 to 1 ns, a second laser beam was narrowly focused inside the expand
ing plasma with intensities in the range of 1015 W/cm2. The main diagnostics 
were as follows: time-resolved spectroscopy for SBS or SRS, (3/2)co emission 
spectroscopy; fast electron analysis with charge collectors and electron 
spectrometer; pinhole and X-ray photographs for gross plasma size analyses. 
Quasi-homogeneous plasmas were generated with aspect ratio L/X in the range 
100 to 200, given by pinhole photographs and somehow the results of numerical 
simulations. 

Back-reflection experiments were performed at 0.26 jum and 0.53 jum wave
lengths, with the result that reflection in underdense plasma was detected. For 
0.53 jum wavelength, reflectivity decreases from some 20% in a solid target to 7% 
in underdense plasma; for 0.26 jum these numbers are, respectively, 2% and 0.1% 
time-resolved spectroscopy (Fig.l), and analysis of other results show that SBS 
occurs in underdense plasma. 

The observed red frequency shift is then almost time-independent (Fig. 1(b)), 
and SBS occurred at 0.8 critical. Electron temperatures deduced from this were 
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FIG.l. Time-resolved spectra of back-reflected light for 0.53 ¡dm laser interaction. 
(a) Back-reflection on an underdense plasma obtained by foil explosion. The red-shifted 

time- independent spectrum is evidence of Brillouin back-scattering. 
(b) Back-reflection on thin foil. Time -dependent red shift indicates foil acceleration. 

, iKa.u) nl(a.u) 

3500 3600 3500 3600 

FIG.2. Spectra of(3/2)u> in thin foils irradiated at 0.53 p.m observed at 45° in reflection. 
(a) Thin foil not preheated; the two components are present. 
(b) Preformed underdense plasma; only the red component is present, the blue being 

transmitted. 

1.7 keV for 0.53 jum laser wavelength and 0.8 keV for 0.26 ¿im. It was concluded 
that evidence of SBS was obtained but at a very low level for the present experi
mental conditions. Strong collisional absorption predominated and could explain 
the low level of SBS. 

The observed (3/2)w emission was considered to be a sign of TPD. For the 
0.53 /im beam it was detected 45° from the direction of the laser beam. Changing 
from a plane target to more homogeneous plasmas generated by two-beam 
technique introduced no significant changes in emission amplitude. This result 
is encouraging for it means that if TPD occurs it probably reaches a saturation level 
promptly for relatively low efficiency. Some experiments were made with thin foils 
where the plasma was known to be underdense for (3/2)co (Fig.2). Then, only 
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FIG. 3. Time-resolved spectrum of back-reflected beam from thin foils irradiated at 0.26 \xm. 
The time-doubling nature of the spectra comes from the two reflections on the faces of the 
collecting wedge. 

the red component of (3/2)co was detected at 45°, and the blue component, which 
needs the presence of a critical density layer in order to be reflected and then 
observed in back-reflection, was strongly reduced in the current conditions. This 
agrees with the generation mechanism of the two components of (3/2)co for TPD 
instability. In the experiments for 0.26 jam laser beam, in experimental conditions 
the emission of (3/2) co could be observed only at 90°, because one needs sapphire 
optics for observations at 0.17 jum. In these conditions, the emission of (3/2)w 
was much increased when changing from a foil target to a foam target, which was 
assumed to yield a more homogeneous plasma. It is premature to draw conclu
sions from our present results, but this could be a sign of a change in the origin 
of the (3/2)co generation process, either because self-focusing occurs [5] or perhaps 
owing to the onset of another instability such as absolute SRS. 

The SRS instability was analysed at 0.26 /¿m irradiation only. Experimental 
evidence was found for convective SRS taking place around 0.1 critical. The rela
tively low incident laser intensity implies, as suggested by Simon [6], that strong 
plasma turbulence favours this emission. A time analysis of the temporal behaviour 
of the SRS spectrum (Fig.3) shows that it is emitted from the lower electron density 
region as time proceeds. This fact can be interpreted if we assume that the unstable 
region propagates or extends downward to the flow of the fluid. This could also 
be associated with the propagation of a wave excited by instability in this region. 
The extension or propagation velocity deduced from the time behaviour of 
Raman spectra was found to be between 2 and 5 X 107 cm/s. This is in the range 
of the flow velocity or acoustic velocity. The origin of turbulence cannot yet be 
determined, but some preliminary interpretation seems in favour of ion turbulence. 
The SRS backward emission has been correlated with fast electron emission deduced 
from electron spectrometer analysis in the plane of polarization or also from some 
fast ions observed in charge collector measurements. These electrons were in an 
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energy range of 15-25 keV. The SRS mechanism appears to be present under 
our experimental conditions, generating some fast electrons. Quantitative measure
ments cannot be made, and experiments with many homogeneous plasmas are 
needed in order to determine the size of these effects. 

ABLATION STUDIES 

We have performed several types of experiment at 0.26 ¡xm, e.g. ablation rate 
in spherical geometry, foil acceleration and high pressure generation. The ablation 
rate was measured in two ways for spherical geometry. The targets were glass 
microballoons, irradiated at 0.26 jum wavelength with two f/1 quartz lenses. The 
ablation rate was determined from ion data obtained from charge collectors or 
by analysis of X-ray pinhole photographs. In the latter case the ablation depth 
was estimated by comparing the appearance of the imploded core for different 
wall thicknesses, as shown in Fig.4. Large, luminous and diffuse cores were 
considered the sign of burn-through before the end of the laser pulse. Small 
imploded cores were representative of the cases where the thickness was equal or 
larger than burn-through depth. Figure 5 shows the results of these data. The 
ablation rate is almost a factor two larger than the value obtained in the literature 
for 1.06 jum experiments [7, 8]. Interpretation of these results from the electron 
heat transport properties of plasma led to the conclusion that inhibition is moderated: 
f » 0.1 in terms of the usual flux inhibition, but also in agreement with the value 
obtained by delocalized treatment of electron heat transport1 [9]. 

The foil velocity was measured by the double foil technique and in some cases 
by Doppler shift of the light reflected by the foil. Figure 6 shows the behaviour 
of the red spectral shift of reflected laser light associated with the motion of the 
ablatively accelerated foil in an experiment at 0.53 //m. Analysis of this experi
ment also showed that the red shift was explained by spectral shift due to the 
motion of the target only, and that the contribution associated with plasma flow 
through the critical density region was negligible [7, 8], indicating that the expan
sion geometry was spherical and quasi-stationary. 

High target velocities were obtained in Ref. [10] and also in our measurements 
in the range (1—2) X 107 cm/s. The foil velocity was determined as coming 
from 50 Mbar ablation pressure for 0.26 /xm wavelength and intensities of the 
order of 101S W/cm2. These values were deduced from foil velocity or shock 
propagation measurements [11]. Comparison with numerical simulations showed 

1 Note that the delocalized theory of electron heat transport [9] does not require the 
adjustment of an input parameter in electron transport treatment, such as the flux limit factor 
in previous semiclassical transport theories. The good agreement between experimental results 
on the delocalized transport theory suggests that no anomalous inhibition due to magnetic 
fields, turbulence, etc., occurs. 
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FIG. 4. Pinhole photographs of microballoons of various wall thicknesses irradiated at 0.26 p.m. 
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FIG.5. Results of ablation measurement in spherical geometry at 0.26 pm compared with 
results from other laboratories. 

FIG. 6. Back-reflected light from 6.5 pirn foil irradiated at 0.53 pm. Time-resolved spectra 
show an increasing red shift, (a) 1-D numerical simulation, taking into account foil motion and 
plasma flow; (b) foil motion only. 



IAEA-CN-44/B-III-4 145 

that the experimental values were smaller (80 Mbar calculated), indicating that the 
experiment was not one-dimensional, in agreement with the interpretation of the 
data from the temporal behaviour of the red shift of laser beams on accelerated 
foils. 

Recent experiments performed by our group have shown that it is possible 
to reach ultra-high pressure by foil impact. Interpretation of data has given 
pressures in excess of 200 Mbar. These pressures were obtained for short time 
durations, 10 to 50 ps, given by comparing data with 1-D Lagrangian numerical 
analysis. This result is very promising for implosion experiments [12]. 

One problem in short-wavelength laser (SWL) foil accleration is foil preheating 
by strong shock or radiation. Experiments were performed on plane targets at 
1015W/cm2 and 0.26 /um showing that the accelerated foil was heated at tempera
tures of the order of 5—10 eV. The origin of the preheat is not well established and 
could come either from shock or radiation. Numerical simulation showed that 
strong shock could preheat the foil at values up to 20 eV. Uncertainty in the 
measurement technique could explain this discrepancy but its origin could also lie 
in some radiation cooling of the shock-heated region which was not included in 
the numerical simulation. 

NON-UNIFORMITY OF ENERGY DEPOSITION 

Some preliminary experiments have been performed on glass microballoons 
either empty or filled with helium or argon gas. The inhomogeneity of energy 
deposition is easily detected on the non-uniformity of the imploded core. This 
problem with SWL implosions was expected. Interesting behaviour has been 
observed, depending on focusing conditions. These are characterized by the 
parameter a = R/D, where D is the distance between target centre and the focus 
position and R is the target radius. Negative values of a are given for focus in 
front of the target. It appears (Fig.7(b)) that positive values of a give conditions 

FIG. 7. Irradiation of glass microballoon at 0.26 pm for various focusing conditions: 
(a) a = R/D = -0.5; (b) a =0.6. 



146 FABRE et al. 

where the poles of the target are smoothly irradiated and equatorial regions feel 
a strong non-uniformity of illumination. For a-negative, around —0.5, as can 
be seen from Fig.7(a), non-uniformity on the equatorial region seems less pro
nounced, but of course the target poles have very poor illumination. The result 
is that some smoothing seems to have been obtained in this case, and one expla
nation could be the refraction of the beams due to the oblique incidence of the 
laser beam. This effect could be interesting for multibeam target irradiation 
schemes with focusing in front of targets, which would permit, at first order, 
complete illumination of the target and where beam refraction for obliquely 
incident light could favour optical smoothing. Moreover, for SWL absorption, 
in the large scale subcritical plasma, efficient energy deposition would be main
tained. Deposition below the critical layer would also favour thermal smoothing. 
Such conditions would give rise to an artificial change of the effective laser 
wavelength related to the ablation properties of the SWLs, but not for interaction 
physics. 

CONCLUSIONS 

These experiments have confirmed that although the interaction physics is 
encouraging for energy deposition, small SBS low electron preheat and high 
ablation pressure generation, some problems remain to be explored, such as 
Raman instability and TPD, for a plasma with L/X in the range 100 to 200 generat
ing a fast electron population. Experiments are needed for further conclusions 
at intensities in the 101S W/cm2 range or above, and for larger plasma scale-lengths. 

High ablation rates and pressures can be reached, and the observed preheat 
is moderate. Uniform illumination still seems to be a major problem of SWL, 
but many schemes have been proposed [13, 14] and some of the results of current 
experiments are encouraging for SWL as a suitable candidate for efficient laser 
direct-drive implosion experiments. 
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Abstract 

EXPERIMENTAL EVALUATION OF SHORT-WAVELENGTH LASER FUSION APPROACH. 
The characteristics of UV-laser-produced plasmas are investigated experimentally. The 

electron temperature and the mass ablation rate are measured and demonstrate the advantages 
of short-wavelength lasers: no hot-electron generation and a higher ablation pressure. 
Smoothing mechanisms in various target regions are also investigated. No evidence of a smoothing 
process is found in observations of the hot-plasma region directly illuminated by the UV laser. 
On the other hand, observations of the rear side of thin-foil targets suggest the existence of a 
smoothing process. These results are compared with those of green and IR laser experiments. 
KrF laser development and long-pulse experiments are also being carried out. 

1. INTRODUCTION 

Short-wavelength lasers are now thought to be favourable for laser fusion 
because of the high laser-plasma coupling efficiencies which will remarkably reduce 
the demand for driver energy. In our previous work, a higher absorption rate and 
a greater hydrodynamic efficiency in short-wavelength laser irradiation were 
reported [1]. 

As additional experiments, the electron temperature and the mass ablation 
rate are measured in the plasmas produced by UV as well as by green and IR lasers. 
Further experiments are concerned with laser-induced non-uniformity and its 
relaxation, which are supposed to be more crucial in the shorter-wavelength 
irradiation. Spatial profiles of radiated X-rays, mass ablation rates and target 
acceleration are observed and compared with those of the incident laser beam. 
Lateral and longitudinal energy transport and smoothing of the laser-induced 
non-uniformity of target acceleration are discussed. 

In these experiments, a Nd laser system is used, which delivers the 1.06 ¡xm 
wavelength(co) pulse of 12 J in 400 ps and the 0.27 ¿im wavelength(4co) pulse of 
4 J in 300 ps with a frequency quadrupler. The laser beam is focused onto the 
plane targets, including multi-layered ones. 
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FIG.l. IaX
2 dependence of hot-and cold-electron temperatures. 

2. LASER-PLASMA COUPLING 

2.1. Electron temperature 

X-ray spectra are measured in order to study the electron energy distribution 
in the energy region from 2 to 100 keV by six Nal scintillators with different 
K-edge filters. The laser beam is focused onto a plane aluminium target with a spot 
diameter of about 100 ¡xm. The X-rays from the 4to-laser-produced plasma 
indicate that the fraction of hot electrons does not exceed 10"5 (Nhot/NCold ~ 10"5) 
at an absorbed-power density of 1014 W • cm-2 while, in the case of the co-laser, 
Thot — 10 keV and Nhot/NCold — 2 X 10"3. Figure 1 shows that the hot- and 
cold-electron temperatures have (Ia\2)0-7 and (IaA

2)0'3 dependences, respectively. 

2.2. Mass ablation rate 

The ablation rate is derived from the X-ray radiation from the aluminium 
substrate coated with a CH2 layer of various thicknesses. The radiated X-rays are 
measured by Nal scintillators and an RAP crystal spectrometer simultaneously. 
The scintillator signals and the aluminium lines appear when the CH2 thickness 
decreases down to a certain value. This thickness corresponds to the depth up to 
which the laser energy is transported. The curves tentatively drawn in Fig.2 
indicate the approximate wavelength dependence of the mass ablation rate: A-1,3. 

Noting that the ablation pressure is proportional to the product of the mass 
ablation rate and the particle thermal velocity, we may expect much higher 
accelerations at shorter wavelengths. 
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FIG.2. Ablation depth measurement in CH2-coated target. 

• 4W-laser profile 

+ X-ray image 

-100 0 100 200 ^m 

FIG. 3. Profile of X-ray pinhole image: 4CJ, 1.6 J, 300 ps. 

3. NON-UNIFORM IRRADIATION AND SMOOTHING 

3.1. Front-side X-ray image 

The X-ray pinhole images of the plasmas produced on plane aluminium targets 
are taken by an X-ray TV camera. The spatial resolution of the pinhole camera 
is better than 15 jum, and the sensitive spectral region ranges from 1 to 10 keV. 
The radii of the observed images are 50 to 70 /xm wider than that of the laser 
spot in the oj-laser irradiation. In the 4co-laser case, however, the X-ray images 
have almost the same profiles as the laser intensity distribution, even in the twin-
spot irradiation case (Fig.3), indicating that no smoothing is evident. 
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3.2. Spatial distribution of mass ablation 

In the mass ablation rate measurements mentioned in the previous section, 
X-ray pinhole images are also taken simultaneously so that the profile of the 
propagating ablation front can be observed. In the 4co-case with increasing CH2 

coating thickness narrower images are observed. The images can be detected on 
targets of coat thicknesses up to 5 fxm. From X-ray line emissions, the electron 
temperature of the aluminium plasma, corresponding to the ablation front, is found 
to be 510 eV. The spatial profile of the mass ablation rate is derived from these 
images. As is shown in Fig.4, the profile is similar to that of the irradiated laser. 
There is no evidence of a smoothing effect in the ablation front. In the case of 
co-laser irradiation, obscure and large images are observed on the 0.25 /mi-coated 
target. 

3.3. Thin-foil target irradiation 

Visible radiation from the rear side of the thin aluminium foil targets is 
observed by a streak camera with spatial and temporal resolution. As the radiation 
is observed at the time when the shock wave arrives at the rear side (0 to 500 ps 
after the laser peak), the spatial distribution of the radiation indicates the profile 
of the emerging shock front. Shadowgrams of accelerated thin-foil targets are taken 
by using a 2co-probe beam. According to the laser intensity and the target 
thickness, the delay of the probe beam is adjusted so as to suppress the effect of 
the thermal expansion of the rear target side. 

From these observations, the lateral spread of the accelerated region is derived 
(Fig.5). The lateral spread is defined as A = (Da—Di )/2; Da is the diameter of the 
accelerated region of foil (FWFM) and luminous shock front (FWHM), and Dj is 
the diameter of the irradiated laser spot (FWHM). The spatial resolutions are 10 /¿m 
in the shadowgrams and 50 Mm in the streaks. The spread is observed in both the 
co- and the 4co-irradiation cases. The co-data follow a scaling law of A ex la°-3

9 while 
the 4co-data seem to have much stronger dependence in this intensity region. In 
both cases, the lateral spreads do not show any significant dependence on the 
target thickness. 

4. CONCLUSIONS 

The reduction of the asymmetry induced by a non-uniform laser beam is an 
important problem in directly-driven compression. We carried out experiments 
to investigate the smoothing effect in various regions in the target. The tendency 
of the lateral spread at the different target depths is summarized in Fig.6. In the 
case of co-laser irradiation, smoothing has been observed in the hot plasma on the 
surface of the target as well as in the accelerated target. 
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FIG.6. Tendency of radial spread AR of various profiles at different depths in target, with 
AR measured from half-maximum point of laser spot. 

In the case of 4oo-laser irradiation, no significant smoothing effect is observed 
in the hot plasma. The result of the thin-foil target experiment suggests, however, 
the existence of a certain smoothing process. As the X-ray camera employed here 
cannot record the image of a plasma with an electron temperature lower than 
500 eV, there is the possibility of the existence of a low-temperature but high-density 
plasma around the hot plasma as a result of some heat transport, which might be 
effective for target acceleration. 

These results indicate that one may expect some smoothing effects, even in 
UV-laser acceleration. The smoothing mechanisms may depend on the wavelength 
because the power dependence of the lateral spread is different. Although further 
investigation of the mechanism of this smoothing effect is needed, this effect 
might relax the uniformity requirement of the UV-laser irradiation. 

Based on encouraging experimental results on plasma coupling efficiency of 
short-wavelength lasers, a sub-kJ KrF laser system is under development; it is to 
be applied to pellet compression experiments as well as to examinations of the 
scaling-up capability to a reactor driver. Although the project is still in a preliminary 
stage, a KrF laser system which delivers 10 J in 20 ns has been set up, and the 
characteristics of the plasma produced by the UV long-pulse laser are under 
investigation. 
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Abstract 

SYMMETRY, STABILITY AND EFFICIENCY IN DIRECT-DRIVE LASER FUSION. 
There have been three recent conceptual breakthroughs in the NRL direct-drive laser 

fusion programme. These substantially enhance the prospects for eventually achieving high 
pellet gains. First, the authors have invented and developed a technique that produces highly 
uniform illumination on a pellet, starting with realistic laser beam quality. This allows them 
to reduce their reliance upon smoothing from sideways energy transport, and thus to use 
shorter-wavelength lasers. Second, with short-wavelength lasers, their simulations predict a 
Rayleigh-Taylor growth rate of about 30% of the classical vkg value for the most dangerous 
mode. This enables them to consider the use of thinner pellet shells. Third, their hydro-
dynamic code shows that with a short laser wavelength (0.25 jt/m) and a thin-pellet shell 
(R0/AR0 «* 10), there is a high rocket implosion efficiency (15%), with a high overall 
absorption efficiency (=70%). This high net efficiency offers the potential for high pellet 
gains (200—300) using a few-megajoule, broad-band laser driver such as KrF. 

1. LASER ILLUMINATION UNIFORMITY 

To achieve high gain, a pe l le t shell w i l l have to be 
imploded with an accuracy of about ± 1 or 2%. Unless the 
uniformity of high-power lasers can be substant ia l ly improved, 
th i s means that some supplementary smoothing w i l l be 
required. Or ig ina l l y , Nuckolls proposed to use sideways 
thermal transport to smooth out these nonuniform!'ties [ 1 ] . But 
the more smoothing one requires, the longer must be the laser 
wavelength. To smooth out nonuniform!'ties of order ± 10% 
requires near- infrared lasers. Unfortunately th i s also reduces 
the rocket and absorption e f f ic ienc ies to the point that high 
pe l le t gains become impossible [ 2 ] . There are therefore on
going e f fo r ts at other labs to improve laser beam qual i ty so 
that near -u l t rav io le t lasers can be used [ 3 ] . 
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FIG.l. (a) Recent I.S.I, experiment with 20 cm aperture laser beam, E<* 100 J, Aco/co< 0.2%. 
(b) Densitometry of second-harmonic images. 

But we have another solution to this problem, which we 
call "induced spatial incoherence", or I.S.I. [4] See Figure 1. 
Each laser beam is split into a rectangular array of beam-
lets, using either reflective or transmissive echelons. A time 
delay is induced between beamlets that is longer than the laser 
coherence time, so that the beamlets become statistically 
independent. These beamlets will interfere when focused onto a 
target, but the far field produces a smooth 
sin2(ax)sin2(ay)/(x2y2) profile when averaged over many laser 
coherence times. For KrF, the laser coherence time can be 
about 0.4 ps, as compared to hydrodynamic response times for a 
reactor-sized pellet in the range of 1 ns. On these 
hydrodynamic time scales, the pellet will see a very smooth 
laser beam. Since we are now requiring that each beamlet be 
near diffraction-limited, rather than the entire laser beam, we 
have substantially eased our requirements on laser beam 
quality. We no longer rely primarily upon sideways thermal 
energy transport, and can consider short wavelength lasers, 
such as KrF at 1/4 micron, for direct-drive. 
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1.1- Mechanical stability 

With a reflective echelon, each of the strip mirrors has 
to be aligned with motors to an accuracy of about an arcsec. We 
have fabricated a reflective echelon with 22 strip mirrors, 
large enough for a 20 cm aperture laser beam, and have 
successfully used it in laser-target experiments. Figure la 
shows the experimental arrangement used to break up our laser 
beam into several hundred beamlets. We measured the profiles 
of the laser far field, the plasma 2nd harmonic emission, and 
the plasma x-ray emission. Figure lb shows a densitometer 
trace of one scan of the 2nd harmonic emission. It is smooth 
down to the film noise level. 

1.2 Laser-plasma instabilities 

Although hydrodynamic time scales are on the order of a 
nanosecond or longer, there are some plasma instabilities with 
e-folding times on the order of picoseconds, about the same as 
the laser coherence time. It is therefore possible that the 
laser bandwidth and the echelons could induce new plasma 
instabilities with deleterious effects. 

We have therefore carried out target experiments with 
variable laser bandwidth, with and without the echelons, at a 
laser wavelength of 1 urn, a laser duration of 4 ns, a laser 
bandwidth up to 0.2%, a laser intensity near 10ll+ W/cm2,and a 
laser energy up to 100 J. The echelons did not affect the 
plasma coupling, but the laser bandwidth did have several 
effects. Both the laser backscatter and the 3/2 harmonic 
emission were reduced by the laser bandwidth, suggesting that 
bandwidth suppresses both stimulated Brill ouin scatter [5] and 
the 2-plasmon decay mode. 

However, we also found an increase of hard x-rays and fast 
electrons with increasing bandwidth, and a corresponding 
increase in the red sideband of the second harmonic emission. 
This strongly suggests that the bandwidth was exciting the 
parametric decay instability at the critical density, perhaps 
because the bandwidth was comparable to the plasma ion-acoustic 
frequency. 

These experiments were performed with 1 um laser light, 
where our hydrodynamic codes predict that about half of the 
laser energy reaches the critical density region. However, 
with shorter laser wavelengths and the longer plasma 
scalelengths associated with large targets, all codes predict 
that the laser energy is almost completely absorbed by inverse 
Bremsstrahlung collisions. Only about ten percent of the laser 
energy then reaches the critical density region. Thus, the 
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increase in fast electrons that we observed should disappear in 
future experiments with shorter laser wavelengths. 

1.3 Pellet uniformity 

There are a variety of beam geometries in which a finite 
number of beams produce absolutely uniform illumination on a 
pellet [6]. These include the pi atonic solids (6, 8, 12, 20 
sides). The basic requirement is that each laser beam produce 
an absorbed energy that is proportional to cos2e, where 
e measures the angle between the pellet normal and the incident 
beam. The basic I.S.I, concept does not produce this absorbed 
energy profile because the laser profile is too highly peaked 
on axis. We can, however, tailor the profile by tilting every 
other mirror strip in the two echelons, producing four 
overlapping laser beams. This allows us to approach the 
ideal cos28 profile. 

We have developed a computer model that calculates the 
actual energy deposition on spherical pellets given arbitrary 
beam profiles and plasma density profiles. The calculation 
includes raytracing and inverse Bremsstrahlung. The specific 
results depend upon the plasma profiles, but in general we find 
that the RMS variation in laser intensity is less than 1%, the 
peak-to-valley variation is less that 3%, and the total 
absorbed laser energy is greater than 75% for a 3 mm pellet 
driven by 4 MJ of 0.25 ym light. These results are acceptable 
for a high-gain pellet. 

2. RAYLEIGH-TAYLOR INSTABILITY 

It is advantageous to design a pellet with a high aspect 
ratio, R /AR . This lowers the laser intensity needed to 
drive the shell inward, reducing the potential for deleterious 
plasma instabilities. And, as we shall see in Section 3, 
higher aspect ratio also substantially raises the rocket 
implosion efficiency and the pellet gain. But thinner pellets 
also have more Rayleigh-Taylor growth, since the classical 
growth rate y = /log and the most dangerous mode has 
k ~ 2 AR-2. ° 

This problem is exacerbated because the pellet shell 
becomes substantially thinner during the implosion. If the 
fuel is kept on a low isentrope (needed for high gains), then 
the 20-50 Mbars of ablation pressure compresses the DT shell by 
a factor of 15-20. Thus, an initial aspect ratio of 10 becomes 
an in-flight aspect-ratio (defined by 1/e density values) of 
about 130-180. 



IAEA-CN-44/B-III-6 159 

LASER WAVELENGTH 
• 1 ¡im 
A % ¡xm 
x y« ¡jum 

• A x 

• x 
x 

x 

j i i 1 1 
0 20 40 60 80 100 

PERTURBATION WAVELENGTH (Mm) 

FIG.2. Growth rates versus perturbation wavelength. 1 \xm data from Emery, Ref. [7]; 1/2 and 
1/4 urn data at 3 X 10iA W- cm'2 with 20 ¡im ofCH. 

I f a pe l le t shell is accelerated inward to R0 /2, then the 
number of c lassical e-foldings of the most dangerous mode 
becomes y t - (2R /AR) 1 / 2 . I f the i n - f l i g h t aspect-rat io is 
160, then YQt = 1 8 , which is unacceptable. 

Previously, using one-micron l i g h t , high resolut ion 2-D 
hydrodynamic simulation codes have demonstrated that the growth 
rate is about half the classical value for the most dangerous 
modes [ 7 ] . These simulation results are supported by recent 
Rayleigh-Taylor experiments [ 8 ] , But a factor of two reduction 
is not enough, since that only reduces the number of e-foldings 
from about 18 to about 9. Our analyses to date suggest that a 
high-gain pe l le t can withstand only about 5 or 6 e-foldings for 
disturbances caused by residual laser - i l luminat ion 
inhomogeneities. 

Recent 2-D simulations of the Rayleigh-Taylor i n s t a b i l i t y 
with a laser in tens i ty of 3 x 10 l l f W/cm2 show that the 
Rayleigh-Taylor growth rate is fur ther reduced with the shorter 
quarter-micron laser wavelength (See Figure 2.) For a pe l le t 
with a perturbation wavelength of about 50 ym, (kAR - 2 in a 
large p e l l e t ) , we f ind Y/Ckg)1 '2 - 0.3. This gives about 5 e-
fo ld ings, which we believe is acceptable for high-gain laser 
fus ion. 

We have also developed a new analyt ic theory of the 
Rayleigh-Taylor i n s t a b i l i t y that incorporates the ablat ion of 
v o r t i c i t y . This theory predicted the laser-wavelength 

0.6 
y 

0.4 
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FIG.3. Rocket efficiency versus laser wavelength and in-flight aspect ratio. Pellets were 3 mm 
radius, driven inwi 
withR0IAR0 = 8. 
radius, driven inward at constant power to 3X 101 cm- s i. Wavelength scaling data are 

sens i t i v i t y of the Rayleigh-Taylor i n s t a b i l i t y that is seen in 
the code simulations. 

3. EFFICIENCY 
4 / 3 / ; 

Pellet gains are proportional to n ' , where n is the 
coupling ef f ic iency of laser energy to imploding f u e l . Using 
our FAST1D spher ical , Eulerian, FCT, sl iding-zone computer 
model, we have been exploring a regime that d i f f e r s 
s ign i f i can t l y from that of other laborator ies. We have been 
considering pe l le t shells w i th : (1) i n i t i a l aspect rat ios of 
about 10 (using DT) ; (2) i n - f l i gh t -aspec t - ra t ios of about 160; 
(3) weak pulse shaping with most of the acceleration at nearly 
constant laser power, pushing the shell only half way inwards 
and then l e t t i n g i t coast; (4) short laser wavelengths of 
0.25 ym; (5) pel le t sizes appropriate to a high gain system, 
R0 ~ 3-4 mm. Each of these concepts has been explored by other 
groups but, to the best of our knowledge, no one has ever 
combined them. 

With these parameters, we have found very high rocket 
implosion e f f i c ienc ies , as high as 15%. Only one other study 
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has found such a high efficiency [9]; they used an initial 
aspect ratio R0/AR « 100 and a laser wavelength of 1 ym, as 
compared to our RQ/AR - 10 and wavelength of 1/4 ym. Other 
studies tend to find rocket efficiencies in the range 5-10%. 
Figure 3a shows the large impact of using short laser 
wavelengths. Using a constant-pressure pellet model [10] these 
efficiencies imply pellet gains of 200-300. 

4. SUMMARY 

The prospects for high-gain d i rec t -dr ive laser fusion are 
much improved, due to recent advances in i l luminat ion 
uni formi ty , ablat ive s tab i l i za t ion of the Rayleigh-Taylor mode, 
and a high-ef f ic iency window for laser- target coupling. 
Calculations also show that the various underdense plasma 
i n s t a b i l i t i e s are near threshold when one uses 1/4 ym l i gh t on 
a large p e l l e t . With the addit ional s tab i l i za t ion due to laser 
bandwidth, we do not expect s ign i f icant fast-e lectron 
preheat. Overal l , the d i rec t -dr ive concept combined with a KrF 
laser now looks very a t t r ac t i ve . 

We are current ly modifying the NRL Nd:glass laser f a c i l i t y 
PHAROS I I I , to more f u l l y test these concepts. When the 
f a c i l i t y modifications are completed, in 1985, we w i l l have a 
routine k i lo jou le of laser energy, with I . S . I , echelons and 
frequency-doubling c rys ta ls . 
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Abstract 

ANOMALOUS PHENOMENA IN C02 LASER-PRODUCED PLASMA AT MEDIUM-
INTENSITY LASER RADIATION. 

Anomalous phenomena were investigated in C02 laser-produced plasma with 
IL < 5X 10u W •cm , and the following parameters were estimated from the experimental 
results: reflection coefficient, electron temperature, hot electron temperature, energy of 
thermal and fast ions, and the spatial distribution of X-rays emitted from the plasma. The nature 
of anomalous absorption, hot electrons, fast ions and other observed effects is described on 
the basis of the analysis and calculations. 

1. INTRODUCTION 

Our investigations have shown that a small portion of the C0 2 laser radiation 
energy of high power density (>1012 W-crrT2) is converted to the plasma thermal 
energy. Most of this energy is transmitted to the hot electrons generated in 
the plasma by anomalous processes (see e.g. Ref. [1] ). Less information has 
been obtained on the nature of phenomena in C0 2 laser-produced plasma of 
medium power density: (1011—1012) W-cm~2 (see e.g. Ref. [2]). 

The object of our investigation was to determine by experiments the nature of 
the anomalous phenomena of C0 2 laser-produced plasma with power density 
5 X 10nW-cm~2 and the correlations between these phenomena. 

2. EXPERIMENTS 

2.1. Measurement system 

To investigate C0 2 laser-produced plasma at the Institute of Plasma Physics 
and Microfusion, Warsaw, a measurement system was prepared consisting of laser, 
plasma chamber and diagnostic apparatus. The following parameters were charac
teristic of the C0 2 laser: energy 20—100 J; pulse duration 80 ns; beam divergence 
2 X 10~3 rad. The laser beam was focused on flat targets made of light material 
((CH2)n, Al, Mg). 
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FIG.l. Energy of ions emitted from laser-produced plasma as a function of ion charge. 
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FIG.2. Intensity of X-rays emitted from the C02 laser-produced plasma as a function of 
Al filter thickness located in front of detector. 

Ion emission from the laser plasma was measured by an ion energy electro
static analyser and ion charge collectors. X-rays emitted from the plasma were 
investigated by scintillation, using semiconductor detectors and pinhole cameras. 
Spontaneous magnetic fields generated in the expanding plasma were measured 
by inductive probes. Measurements were made of laser radiation reflected at 
different angles. 

2.2. Measurement results 

The reflection of a C02 laser beam from the target decreases with the 
increase of radiation power density. The reflection coefficient is about 0.2 for 
radiation power densities higher than 2 X 1011 W-cm -2. The electron temperature 
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of the plasma (measured (a) by filters, using four semiconductor detectors and 
thin Be filters, and (b) by the ion expansion velocity) changed weakly with the 
laser radiation density, reaching its maximum at about 300 eV. 

The ion energy spectra of different degrees of ionization were measured by 
electrostatic analysis, and there were seen to be three groups of Al ions. They 
differed in energy/charge ratio for thermal ions E./Z ~ 3 keV; for the first group 
of fast ions, 3 keV ~ E¡/Z ~ 10 keV; and for the second group of fast ions, 
Ej/Z ~ 10 keV. The fast ion energy cannot be explained by the adiabatic expansion 
of plasma at temperatures lower than 500 eV. The dependence of the average 
kinetic energy on the charge of both thermal and fast ions is linear, as shown in 
Fig.l [3]. 

The high energy component of the plasma-emitted X-rays was investigated 
by scintillation probes and thick Al filters. Figure 2 presents the results of these 
measurements. When Al filters more than 130 jum thick were applied, a weak 
signal from the X-rays of energies greater than 10 keV was recorded. 

Analysis of X-ray photographs from the pinhole camera located perpendicu
larly to the laser beam axis indicates the occurrence of an area of less intensive 
X-ray emission near the target surface up to about 0.5 mm from this surface. 

3. ANALYSIS OF ANOMALOUS PHENOMENA IN LASER-PRODUCED 
PLASMA 

3.1. Laser/plasma interaction 

In this experiment, in addition to classical collisional absorption, conditions 
for other types of plasma/radiation interaction exist. The analysis showed that 
about 10% of laser radiation energy can be absorbed by plasma as the result of 
resonant absorption. It was also estimated that the threshold of laser flux on 
the absorption parametric instabilities is much lower than the power densities 
used in the experiment. Conditions for parametric absorption at a level of more 
than 50% were created for radiation energy reaching the point of critical density. 
Another effect leading to higher absorption of laser radiation is the interaction of 
the incident electromagnetic wave and the ion-acoustic fluctuations in plasma. 
In sum, collisional absorption, together with other phenomena, leads to the 
absorption in the investigated plasma of more than 80% of energy at a power 
density higher than 2 X 1011 W-cm -2. 

3.2. Anomalous phenomena in the plasma 

An approximate study was performed on the possible occurrence of 
anomalous phenomena connected with the interaction of an electromagnetic 
wave with inhomogeneous plasma. Hot electrons contribute to the occurrence 
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FIG.3. Maximum energy of electrons accelerated in the resonant field in C02 laser-produced 
plasma as a function of plasma temperature. 

of ion-acoustic instabilities activated by the stream of cold electrons compens
ating for the outflow of hot electrons. The ion-acoustic wave amplitude 
defined by the stabilizing influence of the ion trapping [4] in Al plasma at 
Tj ~ Te can achieve the level of 0.06 ncr. 

The thermal sources of spontaneous magnetic fields [5] in the experimental 
conditions can lead to magnetic fields of maximum intensity 5 T (the experimental 
value was about 2 T). The estimates showed that the basic limiting factor in heat 
conductance in the investigated plasma is the influence of the ion-acoustic fluctu
ations [4]. In the experimental conditions the heat conduction limiting coefficient 
was f= 0.05 to 0.1. 

The ponderomotive forces generated by the resonant field may lead to a 
deformation of the density profile in the plasma under study because the densities 
of these forces are larger than the gas-dynamic pressure gradient. 

3.3. Hot electrons and fast ions 

The analysis and calculations of the influence of various phenomena on the 
generation of hot electrons in the plasma under study showed that only the 
Langmuir turbulence of parametric origin, together with acceleration in the resonant 
field, can lead to generation of electrons of 'temperature' Th ~ 2 keV. The 
occurrence of such electrons was recorded by X-ray (Fig.2) and ions. Electrons 
of temperature Th ~ 10 keV, which were recorded by the same methods, can be 
generated only by accelerating the electrons of the Maxwellian 'tail' in the resonant 
field, while the electron passes through the field (from calculations based on 
Ref. [6] ). The results of these calculations are presented in Fig.3. 

The following mechanisms of ion acceleration in laser-produced plasma are 
considered most often: electric potential produced by hot electrons and pondero
motive forces whose influence on ion energy is small (e.g. AEj ~ 20 keV for 

L = 10"'cm 
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IL = 5 X 1011 W-cm~2,L = 5 X 10~12cm,Te ~ 300 keV. Hot electrons in these 
conditions can, however, accelerate ions effectively (confirmed by the ion measure
ments shown in Fig.l); two groups of fast ions (E¡ ~ 3.2 Z and E¿ ~ 10.2 Z) 
correspond to hot electrons of T^ — 2 keV and Th ~ 10 keV determined on the 
basis of the model presented in Ref. [7]. 

4. CONCLUSIONS 

Anomalous mechanisms of radiation absorption in plasma play an important 
role in the absorption of the C02 laser beam even at power density 
~ 5 X 1011 W-cm -2. The energy of this radiation is partly transformed into hot 
electron energy of 'temperature' Th ~ 5 Te as a result of resonant absorption and 
parametric absorption. However, the acceleration of the electrons from the 'tail' 
of the Maxwell distribution can lead to the occurrence of electrons with energy 
of the order of several tens of keV. Groups of fast ions were recorded with E ¡ « Z 
which can be accelerated in the potential produced by the hot electrons of 
temperature Th ~ 2 keV and Th ^ 10 keV. 

On the interaction of C02 laser radiation with plasma at medium power 
density, it is possible that heat conduction can be limited to the few per cent of 
the free transport of electron energy and that the density profile can be 
deformed. 

Our investigations indicate that in such a plasma the anomalous phenomena 
are mainly connected with weak turbulence and resonant field. It is different in 
C02 laser-produced plasma with laser intensity ~101 3 W-cnf2, where strong 
non-linear effects are dominant. 
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Abstract 

TEMPERATURE MEASUREMENT IN THE INTERACTION BETWEEN REB AND 
THIN-FOIL TARGET BY MEANS OF X-RAY DIODE. 

Temperature measurements in the interaction between relativistic electron beams (REB) 
and thin CH2, C9H805, Al, Cu, Mo and Au foil targets have been performed on the 80 GW 
Intense Electron Beam Accelerator ( 1 MV, 80 kA, 70 ns) at the Institute of Atomic Energy. 
Time-resolved ultrasoft X-ray data were obtained by using a windowless X-ray diode. The peak 
temperatures on the rear surface were estimated to be 3 to 5 eV for all foil targets. The results 
are basically consistent with the classical collision energy deposition. No obviously anomalous 
energy absorption was observed in the thin polyethylene target. 

1. INTRODUCTION 

So far, a large amount of literature has been published on the thin-foil-target/ 
relativistic electron beam (REB) interaction. The magnetic enhancement effect in 
the REB energy deposition has been pointed out by Babykin et al. [1], Widner 
et al. [2] and Peugnet et al. [3]. The reported enhancement factors range from 2 
to 10, depending on experimental conditions. Imasaki et al. [4] reported another 
anomalous deposition mechanism. A deposition enhancement factor of 100 was 
observed in their experiment for low-Z targets hit by a 0.5 MV, 80 kA, 80 ns pulsed 
electron beam. The abovementioned authors attributed this enormously anomalous 
absorption to the stimulation of a two-stream instability in the relatively-low-plasma-
density corona region (approximately, 1019cm~3). 

Recently, Gazaix et al. [5] have performed similar experiments in the same 
conditions as those used by Imasaki et al. [4]. They found that the plasma expansion 
from the front and rear sides of the thin target was symmetric and the X-ray 
diode data indicated an average temperature of 5eV. 

We have employed the 80 GW Intense Electron Beam Accelerator (1 MV, 
80 kA, 70 ns) [6] to perform experiments for targets with various values of Z, 
including low-Z polyethylene targets. The ultrasoft X-rays from the rear surface 
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FIG.l. Schematic diagram of diode and experimental set-up. 

of the thin target were measured by an X-ray diode for estimating the tempera
tures. Our results basically agree with that given by classical collision energy 
deposition theory. 

2. APPARATUS 

The diode and the experimental apparatus are schematically shown in Fig. 1. 
The diode cathode utilized was a 60° copper frustum with a 9 mm diameter front 
plane having a 4 mm X 4 mm well at the centre. The thin foil anode was mounted 
on a 3 mm thick brass plate with a 20 mm diameter hole. The anode-cathode gap 
was typically 4.5 to 5.5 mm. The diode chamber was evacuated down to 
5X10"5 torr . 

The voltage and current waveforms were measured by a resistance voltage 
divider and a current shunt monitor, respectively. The typical diode voltage and 
current waveforms are shown in Figs 2 and 3. The diode voltages were corrected 
inductively. The 1 /is, 30 kV prepulse was prior to the main pulse. The beam 
radial profile on the target was measured by means of a time-integrated hard-X-ray 
pinhole camera located at 20° with respect to the diode axis. The pinhole images 
were scanned by a 3CS-NOVA 3/12 microdensitometer system. The focal area 
corresponding to the pinch full width at half maximum (FWHM) was determined 
by the densograph. 
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FIG.2. Total diode current I, inductively corrected diode voltage V, PIN output y, X-ray 
diode (XRD) output, energy deposition rate Pm, and temporal history of plasma temperature T 
for Au 840119-4 shot. (Texp: measured temperature value; T^: theoretical value). 

A lead-shielded time-resolved PIN semiconductor detector was used to 
measure the bremsstrahlung hard-X-ray waveform from the thin target. 

The ultrasoft X-ray plasma radiation was measured by a time-resolved and 
unfiltered windowless X-ray diode. A 20 /¿m thick aluminium photocathode 
was mounted 0.5 cm from the mesh anode to which a 1 kV positive voltage was 
applied. The X-ray diode time response is about 1 ns. The linear current output 
is more than 5 A. No calibration of the photocathode sensitivity was made, 
and the data given by Burns et al. [7 ] were used. Assuming a black-body 
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FIG. 3. Total diode current I, inductively corrected diode voltage V, PIN output y, X-ray 
diode (XRD) output, energy deposition rate Pm, and temporal history of plasma temperature T 
forCH2 840111-5 shot. 

spectrum, the calculated average sensitivity S is 4.5 X 10 -3 A-W-1 ; it varies only 
by ±10 per cent in the 3—7 eV black-body temperature region. Hence, the X-ray 
diode output is approximately proportional to the fourth power of the plasma 
temperature in this temperature region. The X-ray diode pulse signal was 
coupled to the 225 MHz oscilloscope. The X-ray diode viewed the source through 
six baffles. Two 1 kg magnets were placed in the tubes to deflect the electrons 
transmitted from the thin target anode. The X-ray diode was located 1.12 m 
away from the source and at 20° with respect to the axis of symmetry. The 
diameter of the last baffle was 30 mm; it defined the solid angle. In our experi
ments, the X-ray diode could only 'see' the rear side of the anode target. 

The time correlativity was performed by a synchronizer device for all 
voltage, current, and PIN and X-ray diode output waveforms. 

CH2 (70nm) 

i \ i i i i 
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3. RESULTS 

Data were obtained with our generator for polyethylene CH2, polyester 
C9H8Os, aluminium, copper, molybdenum, and gold anode foils. The foil 
thicknesses were 70, 50, 20, 20, 7, and 7 fim, respectively. The X-ray pinhole 
camera data indicate 3.6, 3.8, 3.9, 4.3, 6.2, and 6.2 mm2 pinch FWHM areas 
for the above foils, respectively. 

Total diode current, inductively corrected diode voltage, PIN output, 
XRD output, and temperature versus time for the Au 840119-4 and CH2 

840111-5 shots are shown in Figs 2 and 3. The impedance during the main part 
of the pulse was 10—20 Í2. In most cases, the diode current reached its maximum 
as the voltage dropped to zero; the bremsstrahlung peaked at the maximum 
diode voltage. However, the peak of the plasma soft-X-ray signal was near the 
diode closure. 

The peak values of the unfiltered X-ray diode signal corresponded to the 
peak values of the black-body temperature of 3.3, 3.2, 3.6, 3.8, 3.7, and 5 eV 
for CH2, C9H805 , Al, Cu, Mo, and Au foils, respectively. 

4. DISCUSSION 

First, we used a simple model to carry out a qualitative analysis. 
According to R.B. Miller's model [8], the absorbed energy is subsequently 

transformed into ionization and thermal energy in the absorption layer and into 
kinetic energy for the expanding plasma. Assuming the condition that the system 
is isothermal, and using the one-dimensional fluid equations of motion, continuity 
and energy balance, we arrive at the result that the total energy absorbed in the 
target is proportional to n0vakTet, where n0 is the atomic density of the target, 
va the (isothermal) sound velocity, kTe the plasma electron temperature, and 
t the time. Then, we have 

1 dE N _ kTe + Iz N - 1 
J ~ T T = e 7 z . + e - Z k T e V a - (1) 

P dx A t A d 

The left-hand side of Eq. (1) describes the rate of specific energy deposition, 
Pm(W-g_1), defined by 

1 dE 1 1 dE 

p dx e p dx 

where ]3C is the beam electron speed, (1/p) dE/dx the electron stopping power 
(eV/(g-cm~2)), nb the beam density, and J the current density (A-cm-2). The 
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first term on the right-hand side of Eq. ( 1 ) describes the ionization and thermal 
energies, and the second term refers to the plasma expansion energy. In Eq. (1), N0 is 
Avogadro's number, A the atomic mass number, e the electron charge, lj the 
average ionization potential, Z the average ion charge, d the foil thickness, and 
t the electron beam pulse width. The sound velocity is given by 

where mi is the ion mass. The classical specific energy deposition rate Pm can be 
calculated from the measured voltage, the ion-current-subtracted current and the 
ratio of the pinched current to the total electron current. The calculations were 
carried out for the various thin targets mentioned above. The results are qualita
tively consistent with the experiments. For example, the specific deposition 
power in a 7 jum Au foil is 0.5— lTW-g-1 for spot areas of 6.1 mm2 to 3.1 mm2. 
The above computation gives a maximum electron temperature kTe = 5—7eV. 
Similarly, kTe is 2-3eV for the CH2 foil. This demonstrates that no obviously 
anomalous energy absorption takes place in the thin polyethylene target. 

In addition, according to Widner's [2] method, the deposition rate history 
pm(t) obtained from the experimental parameters, v(t) and I(t), includes, as an 
energy source term in a one-dimensional hydrodynamic model, the code 
EBTIRHDC [9] to calculate the temperature history for the above thin foils. 
Shown in Figs 2 and 3 are the results for Au and CH2 targets and a comparison 
between the measured and calculated temperatures. Good agreement is shown 
in Fig. 2 for the 7 fim Au foil. The closest fit to the experimentally measured 
temperature is given by a peak specific energy deposition rate, pmx> of 1.4TW-g_1. 
This result agrees with the calculational and experimental results obtained by 
Widner et al. on the HYDRA accelerator in nearly identical conditions [10]. The 
fit to the measured temperature gives, however, a peak specific energy deposition 
rate of 8.7 TW-g-1, and the energy deposition for the CH2 target is three times 
greater than the classical one. In calculating the deposition rate p m (t), a total 
diode current 70% of which was concentrated in the FWHM region of spot size 
and a normal incident angle were assumed. 

In summary, we conclude that the electron beam energy deposition in high-Z 
targets is a classical one. The energy deposition in polyethylene targets is several 
times higher than the classical one, but no excessively anomalous deposition 
occurs. These results are in agreement with our blow-off plasma ion measurement 
results [11]. 



IAEA-CN-44/B-III-9 175 

ACKNOWLEDGEMENTS 

The authors would like to thank Professors Wang Ganchang and Wang Naiyan 
for their continuous guidance and support. They are also indebted to 
Mr. Gong Kung and other colleagues for their help in film scanning and data 
processing. 

REFERENCES 

[1] BABYKIN, M.V., et al., Fiz. Plazmy 8 (1982) 415; BABYKIN, M.V., Fiz. Plazmy 8 
(1982)901. 

[2] WIDNER, MM., et al., Phys. Rev. Lett. 43 (1979) 357. 
[3] PEUGNET, C , et al., J. Appl. Phys. 53 (1982) 5401. 
[4] IMASAKI, K., et al., Phys. Rev. Lett. 43 (1979) 1937; MIYAMOTO, S., et al., Appl. 

Phys. Lett. 35 (1979) 778; IMASAKI, K., et al., J. Phys. Soc. Jpn. 48 (1980) 295. 
[5] GAZAIX, M., et al., J. Appl. Phys. 54 (1983) 112. 
[6] WANG, Naiyan, et al., in High-Power Particle Beams (Proc. 5th Int. Conf. San Francisco, 

1983). 
[7] BURNS, J.T., et al., J. Appl. Spectrosc. 31 (1977) 317. 
[8] MILLER, R.B., An Introduction to the Physics of Intense Charged Particle Beams, 

Plenum Press, New York (1982). 
[9] XU, Fuyuan, GONG, Kun (unpublished). 

[10] WIDNER, M.M., et al., in High Power Electron and Ion Beam Research and Technology 

(Proc. 2nd Int. Top. Conf. San Francisco, 1977), Vol. 1 (1977) 287. 
[11] HONG,Runsheng, FENG,Qi, SU,Baorung (to be published). 





IAEA-CN-44/B-III-10 

PERFORMANCE OF LARGE-APERTURE 
KrF LASERS FOR FUSION* 

C.W. vonROSENBERG Jr., D.E. KLIMEK 
Avco Everett Research Laboratory, 
Everett, Massachusetts 

J. JACOB 

Science Research Corporation, 

Cambridge, Massachusetts 

United States of America 

Abstract 

PERFORMANCE OF LARGE-APERTURE KrF LASERS FOR FUSION. 
Calculations have been done to characterize the performance of large-aperture (larger 

than 1 m X 1 m), high energy (25 to 50 kJ) e-beam pumped KrF amplifiers suitable for use in 
inertial confinement fusion systems. A kinetics code was used to determine optimum pressure, 
gas composition and pump power for efficient operation. Large-aperture amplifier codes 
were then used to calculate the intrinsic efficiency of the system as a function of pumped 
volume dimensions and input flux. These calculations included the effects of amplified 
spontaneous emission and non-useful coherent flux, originating from reflections off the 
amplifier window. 

KrF laser technology is a leading candidate for u t i l iza t ion in laser 
fusion systems [1 ] . Calculations of performance based on our most recent KrF 
kinetics model [2] suggest that in t r ins ic efficiencies, a t optimum extraction 
flux, of TliR/vx 9 r e a t e r t n a n 14 percent are possible. Performance of 
large amplifiers, as appropriate for large angular multiplex KrF laser systems, 
will be reduced from this value mainly because of 1) variance of flux (and 
thus not everywhere optimum) along the gain length, 2) performance degradation 
due to amplified spontaneous emission (ASE), and 3) degradation due to flux 
reentering the cavity from output window reflection- These are each sensitive 
to laser s ize , although in different ways. In th is paper we discuss recent 
calculations of these effects for two-pass KrF amplifiers of 25 to 50 kj 
output energy. 

The basis for the AERL kinetics code along with the appropriate rate 
constants has been described [ 2 ] . The input to the code is the gas 
composition, pressure, temperature, e-beam pump rate (MW/cm3), and 
temporal pulse shape. A nominal pulse shape was used for a i l calculations: 
linear variation from zero at t = 0 to 70 percent at t = 20 ns , then linear 

* Work sponsored by Los Alamos National Laboratory under contract 9-L23-3246M-1. 
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FIG.l. Maximum intrinsic efficiency ÍViu\x^ versus time for three pump rates; p = 1 atm, 
T = 293 K, 0.3% F2+10% Kr + balance. 

to 100 percent at t = 110 ns and 100 percent thereafter. The kinetics code 
was set up to provide output vs time for g0 (small signal gain, m "

1 ) , a 
(non-saturable absorption, m - 1 ) , <t>s/vr (saturation flux, MW/cm^), 
Tip (formation efficiency: percent of E-beam deposition ending up in 
KrF*), T ) I H A X (maximum intrinsic efficiency representing intrinsic 
efficiency for gain medium of properties g0 and a being irradiated by the 
optimum flux). By examining "nIHAX as a function of time for various 
choices of the input parameters one finds the conditions for best efficiency, 
what sort of cavity flux is required, sensitivity to being off design, etc. 

In Figure 1 we show T | I H M VS time for three different pump rates 
using the gas mixture shown. One sees that for 300 ns pumping duration 
0.3 to 0.4 HW/cm^ is near optimum, whereas 0.2 is too low. The drop in 
performance at late times is due to F2 consumption. Efficiency at late 
times could be increased by increasing the F 2 density at the cost of higher 
?2 absorption and thus lower efficiency at early times. An examination of 
performance at various pressures with mole fractions of F2 and Kr held 
constant indicates that 1 to 1.5 atm is near optimum. 

Variation with mole fraction of krypton from a value of 0.04 to0.995 was 
also analysed. The Tjj^x at 300 ns for 4 percent Kr is calculated to 
be 11.5 percent, increasing to 13.7 percent at 10 percent Kr, and to 14 
percent for 99.5 percent Kr. l In this series of calculations, the density 
of F2 was held constant (l.lxlO17 cm"^) and the total pressure was 
varied to maintain the deposition at0.4 MW/cnr*. The performance increases 

1 Recent experimental measurements indicate that higher efficiencies are possible 
(see Ref.[3]). 

0.2MW/cm3_ 

Ô MW/cm*1 

3 _ 
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monotonically with Kr replacing Ar, with most of the improvement realized by 
Kr = 10 percent. Me have experimental data with Kr of 4 percent [2] and 
reliable understanding there. For 10 percent Kr the amount of extrapolation 
is not too large and the performance improvement is compelling, and thus 
additional experimentation should be carried out to measure the efficiency at 
larger Kr fractions and various pump rates. An additional advantage of all Kr 
would be the reduction, at constant stopping power, of total pressure of the 
gas mixture, allowing a less expensive structure. 

With the kinetics of the laser system characterized, we examine the 
extraction physics and the variation of intrinsic amplifier efficiency 
(Tii) for a large-scale 2-pass amplifier as a function of laser gain 
medium dimensions (aperture and length) and coherent input flux. In a high 
gain amplifier the flux will vary significantly over the gain length; this 
results in a corresponding variation in the extraction efficiency as a 
function of position. Therefore, the intrinsic efficiency of the system is an 
overall average computed as the calculated output power minus the input power 
divided by the e-beam power deposition used in the kinetics code necessary to 
get the g0 and a used. 

The output flux can be calculated by simultaneously integrating the 
equations; 

d<b = <b(x)*(g-a) dx 

and 

d<b" = <plx)*(g-a) dx 
where 

(U(<pfx) + <p"(x))Ab.AT ) 

and d>+(x) is the cavity flux going from the window to the mirror and 
4>~(x) is the flux reflected off the mirror and heading toward the window. 

In a high gain large-aperture amplifier of the dimensions necessary for 
fusion applications there are two additional considerations. These are 
amplified spontaneous emission (ASE) and non-useful coherent flux (NUCF). The 
amplification of fluorescence emission along any arbitrary direction in the 
cavity will reduce the amount of energy which can be extracted by the coherent 
flux moving through the cavity. The NUCF is the consequence of a small 
fraction of the output flux being reflected back into the amplifier by the 
window. In a high gain system, this reflected flux can be comparable to the 
input coherent flux. 

A simple one-dimensional perturbation calculation can serve to 
illustrate and scope the problem of ASE and provide insight as to which parts 
of the laser are predominant in determining the ASE in other parts. The ASE 
flux at the window and on the center line of the amplifier can be computed 
from the equation: 

*ASE= D A ^ 
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FIG.2. Amplified spontaneous emission (ASE) integrand behaviour illustrating the different 
effects of solid angle and gain for a 37 kJ two-pass amplifier of radius 0.44 m, length 3 m, 
operating at gain G = 63. 

where the integral is a sum of contributions from spherical shell differential 
volume elements having a center of curvature at the output window center and a 
thickness dx. These elements subtend a solid angle Q, as i l lustrated in 
Figure 2, and radiate with_a spontaneous emission q>r (W/cm3); the 
radiation undergoes gain e9x in traversing the path from x to the window; 

9~* = 0T
X(9(x') - oOdx' where g(x,} =

 9o 

l+(ctf+fL)/<bSAT 

with <J>f(x') and CDfix') taken from non-ASE amplifier extraction 
calculations. The <D A SE integral includes a contribution from L to 21 to 
account for the mirror image volume contribution, i.e. ASE traveling from 
volume elements to the mirror, reflecting and returning to the window. The 
graph in Fig. 2 shows the two dominant pieces of the integrand, e9x and 
Q, as well as their product; note that Q = 2ir until x = radius (in 
this cylindrically symmetric formulation) and then drops precipitously. It is 
clear that Q(x) is the controlling function and that most of the ASE comes 
from within a hemisphere whose base is the window. This conclusion was also 
found to be true for <pAS£ at the mirror center. This insight is 
quantitatively useful for making initial assessments and was used to advantage 
later in bounding the magnitude of additional ASE contributions due to 
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non-black walls. Non-reflecting walls have been assumed in the calculations 
presented here. More detailed calculations show that for 35 kJ amplifier 
conditions, 2 percent reflectivity for walls would only reduce T¡I by 
the multiplying factor 0.99. 

These perturbation calculations showed us that <bASE was dominated 
by the nearby spontaneous emission itself, with only a minor contribution 
from the amplification term. This conclusion is clearly amplifier size-
dependent. The 4>ASE was, however, a significant fraction of d>£ and 
dj>L, and thus a non-perturbation code calculation was in order, Sjs. 

g(x) 
l+E<b/<bSAT 

where E<b = «H+cpL+q^sE+^ÁSE 

This code is a one-dimensional, time-dependent formulation which divides 
the amplifier gain length into N-segments (typically N=10) and does 
Runge-Kutta integrations in an x-t domain,thus providing a sequence of 

10 

(MW/cm2) 

0.1 

X(m) 
2 
1Î 

MIRROR 

FIG.3. Spatial flux distribution for a 2-m-long X 1.25 m equivalent square aperture two-pass 
KrFamplifier showing <t>+

h, 0~, (4>*ASE <P~ASE)and 0 ^ U C F ; go = 8.8 m~\a= 0.42 m'1, 
<¡)=0.96MW/cm2. 
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FIG.4. Overall amplifier gain G (= 0OUT/0IN, ' versus overall amplifier intrinsic efficiency 

^ O U T ""^iN^deposited for different amplifier lengths and input flux 0 IN = 0.05 MW/cm2 

to 1.6 MW/cm2 as one traverses from high G to lower G; g0 =8.7 m"1, a = 0.335 m -1, 

equivalent square aperture of 1 m X 1 m. 

"snapshots" of the fluxes at intervals of time corresponding to A t = 
(Ax)/C where Ax = L/N,and C is the speed of l i g h t . When steady state in 
f lux d i s t r i bu t i on is reached,the ASE "feedback" is f u l l y included. This code 
also has the capabi l i ty of dealing with transients in the cavi ty so that input 
f l ux may be introduced to the input/output window before, during or a f te r the 
e-beam i n i t i a t i o n . 

Because i t is one-D, we did an ad-hoc averaging over each of the 
N-segments for determining i t s spa t ia l l y averaged so l id angle and gain length 
wi th respect to each of the other (N- l ) segments. Four f luxes are integrated 
simultaneously, <pf and (p^s^wi th d i f fe ren t so l id angle 
rules applying to coherent and ASE f luxes. 

F ina l ly there is the issue of Non-Useful Coherent Flux ar is ing from 
window r e f l e c t i o n . We included th i s as an addit ional pair of f luxes 
<bjjyCp included in the computations. I t was found that fo r 1 percent 
(1/2 percent per surface) window re f lec t ion i t was a very sizable 
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contribution to Ed> in the gain term. This is illustrated in Figure 3, 
where we plot the various fluxes along the amplifier length for a 
representative set of conditions. Thus we hypothesized a tilted window 
allowing only a single return path of NUCF in carrying out our calculations. 
This ad hoc inclusion over the whole amplifier cross-section overestimates 
the performance degradation due to NUCF since, in the physical case of a tilted 
window,only half of the volume sees the single pass return flux . 

In Figure 4 we show representative results for amplifier performance: 
namely overall 2-pass laser gain (G=d>0UT/<pIN) vs overall amplifier 
intrinsic efficiency with degradation due to ASE and 1-pass NUCF included. 
The case illustrated is for a 1.25x1.25 m aperture, lengths of 2, 2.5 and 3 m, 
and input flux varying from <pjN = 0.025 MW/cm

2 (highest G's) up to 1.6 

MW/cm2 (lowest G's); (pg^y is about 1 MW/cm2 and <bopt about 3.6 
<pSAj. The behavior of these curves follows one's qualitative 
expectations. In the case of a short amplifier, there is less variation in 
flux along the length of the amplifier. This means that with the proper 
selection of input flux it is possible to have a cavity flux near the optimum 
value (that which results in Tin^x) over the entire length. With a 
longer gain length the local Tij's depart farther from the optimum, 

"^IMAX- Tne °Pti'num fl"x is near 3-6<PSAT- W^th tne l a r 9 e r 9 a ™ 
length in the long amplifiers it is possible to approach this optimum value 
even with a small input flux (as is the case with the high gain end of the 
curves in Figure 4) so that there is less roll off in efficiency at high gains 
with the longer amplifiers. 

The impact of ASE on these curves is to further decrease efficiency, 
especially at high gains. This effect due to ASE is more severe for the short 
amplifier (remembering that the aperture dimensions are constant) because the 
average coherent flux in the cavity is less and therefore the amplification of 
fluorescence is greater. 
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Abstract 

INTOR: INTRODUCTORY REMARKS. 
The evolution of the INTOR Workshop activity from its Zero Phase to the present 

Phase Two A, Part 2, its administrative structure and the role of the Workshop in worldwide 
fusion research are summarized in order to provide some orientation to the rest of the 
INTOR papers in these Proceedings. 

The International Tokamak Reactor (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 which supervises the INTOR Workshop. The 
broad objectives of the INTOR activity, as set forth by the IFRC, are to draw 
upon capability that exists worldwide: 

( 1 ) to identify the objectives and characteristics of the next major experiment 
(beyond the present generation of large tokamaks) in the world tokamak 
programme; 
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(2) to assess the technical data base that will exist to support the construction 
of such a device for operation in the 1990s; 

(3) to define such an experiment through the development of a conceptual 
design; 

(4) to study critical technical issues that affect the feasibility or cost of the 
INTOR concept; 

(5) to define R and D that is required to support the INTOR concept; 
(6) to carry out a detailed design of the experiment; and, finally, 
(7) to construct and operate the device on an international basis. 

The INTOR activity is being carried out in phases. At the end of each phase, 
the participating governments review the progress of the activity and decide upon 
the objectives of the next phase. 

The Zero Phase Workshop, which was conducted during 1979, dealt with the 
first two objectives cited above; Phase One, from January 1980 to July 1981, with 
the third objective; while the present Phase Two A, having started in August 1981, 
is concerned with the fourth and the fifth objectives, along with an improvement 
of the INTOR concept as a result of new information on and investigation of the 
critical technical issues. 

The mode of operation of the INTOR Workshop is a cyclic procedure 
comprising a workshop session at Agency Headquarters for one to three weeks, 
and performance of tasks at the home institutions between the sessions. Each 
of the four partners was represented by participants (four in Zero Phase and eight 
in the other phases), who met periodically at Agency Headquarters in Vienna to 
define the tasks of the Workshop, to review and discuss critically the contributions 
of the four partners, and to prepare the report of the Workshop. The bulk of the 
work was carried out by experts working under the guidance of the Workshop 
participants at their home institutions. An approximate man-power of the 
Workshop is summarized in Table I. 

The Workshop is guided by a steering committee (S. Mori, W.M. Stacey, 
G. Grieger and B.B. Kadomtsev) and co-ordinated by a co-ordinating committee, 
consisting of the steering committee members and the chairmen of groups which 
investigate critical issues of disciplinary areas, such as physics, of INTOR. 

The broad tasks of the Zero-Phase INTOR Workshop were to define the 
objectives and physical characteristics of the next major experiment (after 
TFTR, JET, JT-60, T-15) in the worldwide tokamak programme and to assess the 
technical feasibility of constructing this experiment to operate in about 1990. 
Detailed assessments of the plasma physics and technology bases for such an 
INTOR experiment were developed, and physical characteristics were identified 
which were consistent with this technical basis and with the general objectives 
of the INTOR device as they evolved in this process. 

Each partner submitted detailed contributions to the Zero-Phase Workshop, 
which were subsequently published [1—4]. These contributions underwent 
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TABLE I. SCALE OF INTOR WORKSHOP 

Workshop session Home institute 
(weeks/sessions activity3 

/participants) (man-years) 

ZERO PHASE 

PHASE ONE 

PHASE TWO A 

/Part 1 

PHASE TWO A 
/Part 2 

November 1978-
December 1979 

January 1980-
July 1981 

August 1981 — 
August 1983 

January 1984— 

September 1985 

10 /5 / (4X4) 

13/7/(8 X 4) 

12/7/(8 X 4) 

10/5/(8 X 4) 

(15-20) X 4 

(20-40) X 4 

(30-50) X4 

(30-50) X 4 

Rough estimate. 

extensive discussions at the Workshop sessions and formed the basis for the report 
of the Zero-Phase Workshop [5]. This report, which represents a technical 
consensus of the worldwide magnetic fusion community, concludes that the 
operation, by the early 1990s, of an ignited, deuterium-tritium-burning tokamak 
experiment that could serve as an engineering test facility is technically feasible, 
provided that the supporting research and development activity is expanded 
immediately, as discussed in the report. This broad international consensus on 
the readiness of magnetic fusion to take such a major step is in itself an important 
milestone. 

As a result of this positive conclusion, the INTOR Workshop was extended 
into Phase One, the Definition Phase, in early 1980, on the basis of the IFRC 
review and recommendation to the IAEA. The objective of the Phase-One 
Workshop was to develop a conceptual design of the INTOR experiment. 

The starting point for the conceptual design effort was the set of parameters 
suggested by the Zero Phase Workshop. Senior representatives of the design 
teams at the home institutions met periodically at Workshop sessions in Vienna 
to define the tasks of the home design team, to review the ongoing design work 
and to take decisions on the evolving design. The decisions taken at each 
Workshop session were then incorporated into each partner's design activity, so 
that the four design contributions progressively converged towards a single design, 
at an increasingly greater degree of detail, during the course of the conceptual 
design activity. 

The conceptual design contributions to the Phase-One INTOR Workshop have 
been published [6—9]. These contributions formed the basis for the INTOR 
conceptual design, which is documented in Ref. [10]. 
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The INTOR Workshop was then extended into Phase Two A in July 1981. 
Emphasis in this phase has been upon the resolution of certain critical technical 
issues which were identified during Phase One and which affect the feasibility, 
cost and engineering complexity of the INTOR design concept. The critical 
technical issues were on plasma performance, impurity control and first wall, testing, 
tritium, mechanical configuration, magnetics and electromagnetics, and safety. 
The new information developed in the critical issues studies has led to an improve
ment in the INTOR concept. Several new critical technical issues have been 
identified. The work in the Phase-Two-A, Part 1 INTOR Workshop has been 
reported in the national contributions [11 — 14] to the Workshop and is docu
mented in the report [15] of the Phase-Two-A, Part 1 Workshop. 

The International Fusion Research Council has recommended that the 
INTOR Workshop be extended to June 1985. The objectives of the Workshop 
during this period are to investigate certain critical technical issues that are 
essential to the feasibility and further improvement of the INTOR concept, to 
define R and D requirements in support of the INTOR concept, to keep under 
review the results of the worldwide R and D programme, and to improve the 
INTOR concept as a result of the new information obtained. 

The INTOR Workshop activity as briefly summarized above is providing 
indispensable information in defining the concept of the next-generation tokamak 
reactor, R and D requirements, and design data base assessment for designing 
the reactor. Such a contribution to the world fusion community becomes possible 
only by taking advantage of international co-operation of "INTOR Workshop" 
type, in which the resources of the four partners are co-ordinated efficiently 
and each partner's effort in defining and assessing the concept and R and D require
ments of the next tokamak experiment becomes an effective part of the collaboration. 
Perhaps the most important outcome is the fact that the repeated cycles of 
national contributions to and the international discussions at the Workshop sessions 
have led to a more broadly based assessment and well-defined conceptualization than 
would otherwise have been possible. 

The major INTOR activities of the Phase Two A, Part 2 are presented in the 
following seven papers: Overview of the INTOR Workshop (W.M. Stacey), 
Impurity and Particle Control (D. Post), RF Heating and Current Drive 
(F. Engelmann), Transient Electro-magnetics (R.J. Thome), Physics Data Base 
(B.B. Kadomtsev), Engineering and Nuclear Aspects of INTOR (K. Tomabechi), 
and INTOR Concept Evolution (G. Grieger). Each of these papers is a summary 
on each topic of the activities of the INTOR Group. The footnote on the first 
page of this paper shows a list of Group members, which should be referred to 
in the following seven papers. 

This paper is 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 

W.M. STACEY Jr* 
INTOR Group,** 
International Atomic Energy Agency, 
Vienna 

Abstract 

INTOR: OVERVIEW OF THE INTOR WORKSHOP. 
This paper summarizes the present status of activities being carried out in the INTOR 

Workshop. The present INTOR design concept is described. Preliminary results from the ongoing 
critical issues studies and data base assessment are discussed. 

1 . INTRODUCTION 

During the present Phase 2A, Part 2,the INTOR Workshop is 
examining several critical technical issues which affect the 
feasibility or cost of a next generation tokamak experiment, is 
reassessing the physics and technology data bases which support 
such an experiment, is evaluating the technical and financial 
benefit that would result from an international project, and is 
evolving the INTOR design concept on the basis of the results of 
the critical issues studies and the data base assessment. The 
present phase of the Workshop began in mid-1983 and runs through 
mid-1985; so this paper represents an interim report on the 
status of work in progress. 

2. INTOR DESIGN CONCEPT 

INTOR has the objectives of being the maximum reasonable 
step beyond the present generation of large tokamaks, of 
operating in a reactor relevant mode, of incorporating reactor-
relevant technologies, and of providing a facility for 
engineering testing. The reference INTOR design concept was 
developed during Phase One {1] and modified during Phase Two 
A, Part 1 [21. This concept is characterized by the parameters 
given in Table I and by the cross section view given in Fig. 1. 
The concept will be further evolved during the present phase 
of the INTOR Workshop. 

* Permanent address: Georgia Institute of Technology, Atlanta, Georgia, USA. 
** The members of the INTOR Group are identified in Paper No. IAEA-CN-44/G-I-1. 
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TABLE 1. INTOR DESIGN PARAMETERS 

GEOMETRY 

Chamber major radius, R(m) 
Plasma radius, a(m) 
Plasma elongation, K 
Plasma aspect ratio, A 

5.2 
1.2 
1.6 
4.4 

PLASMA 

Average beta (%) 
Poloidal beta (%) 
Average ion temperature, <Tj) (keV) 
Average ion density, <n¡> (m - 3) 
Energy confinement time, Tg (S) 
Plasma current, Ip (MA) 
Field on chamber axis, B T (T) 
Safety factor (separatrix), qi 
Peak thermonuclear power, P ^ (MW(th)) 
Neutron wall load, Pn (MW-m -2) 

5.6 
2.6 
10 
1.4 X 1020 

1.4 
6.4 
5.5 
2.1 
620 
1.3 

OPERATION 

Burn time, Stage 1/Stages II and III (s) 
Duty cycle, Stage 1/Stages II and III (%) 
Number of pulses (lifetime) 
Neutron fluence (MW-a-m -2) 

100/200 
70/80 
7 X 10s 

~ 3 

HEATING: ICRF 

Power at startup (MW) 
Frequency (MHz) 

50 
85 

FUELLING 

Method Pellet injection and 
gas puffing 

IMPURITY CONTROL 

Method 

Power to divertor (MW) 

Single-null 

poloidal divertor 
80 

FIRST WALL 

Power to first wall (excluding neutrons) (MW) 
Material 

44 
Water-cooled 

SS316 
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TABLE 1 (cont.) 

BREEDING BLANKET 

Material D2OorH20, SS316 
Li20 

SHIELDING 

Inboard (non-breeding blanket and shield) (m) 
Outboard (breeding blanket and shield) (m) 

TRITIUM INVENTORY 

Breeding blanket (kg) 
Storage (kg) 
First wall/divertor (kg) 
Tritium handling systems (kg) 

1.1 
1.5 

0.5-
2.3 
0.1-
1.4 

1.0 

1.0 

TOROIDAL FIELD COILS 

Number 
Bore (m X m) 
Conductor 

Stabilizer 
Maximum field (T) 

12 
6.6 X 9.3 
Nb3Sn and/or NbTi 

Cu 
~11 

POLOIDAL FIELD COILS 

Total flux (V-s) 
Breakdown voltage (V) 
Location 
Conductor 
Maximum allowable field (T) 

110 
35 for 0.3 s 
External to TF coils 
NbTi 

POWER SUPPLIES 

Stationary loads (MW) 
Pulsed energy storage (GJ) 

200 
14 

3. IMPURITY CONTROL 

The INTOR impurity and particle control system must be able 
to exhaust both the alpha particle heating power (~120MW) and 

20 
the alpha particles themselves (2 X 10 He atoms/sec). This 
must be done in such a way as to keep the plasma reasonably free 
from impurities and provide a reasonable component lifetime. 
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FIG. 1. INTOR Phase-Two D esign. 

The helium "ash" must be removed with reasonably sized pumping 
systems. The major candidate systems which have been studied are 
poloidal divertors and pumped limiters. These studies have 
consisted of an assessment of the experimental and engineering 
data base for impurity control systems based on current 
experiments, the use of sophisticated computational models to 
extrapolate to the operating parameters and performance of INTOR, 
and the development of an engineering concept for the design of 
such a system for INTOR. 

The major impurity control problem is likely to be sputtering 
of the collector plate materials by energetic plasma ions and 
charge exchange neutrals. This problem can be reduced or even 
eliminated if the energy of the ions and neutrals can be reduced 
to a value below the sputtering threshold of potential collector 
plate materials. Both modelling calculations and experiments 
on ASDEX, D III and PDX indicate that this can be accomplished by 
the use of a suitably designed poloidal divertor. A cool, dense 

14 -3 
plasma (n ̂ 10 m , T £30eV) can be produced near the collector 

e e 
plate by intense, localized recycling of the plasma and neutrals. 
The experiments and models also indicate that this "high-recycling" 
type of divertor can be produced in an open geometry ("expanded 
boundary") compatible with the placement of the poloidal field 
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coils outside the toroidal field coils. The low temperature of 
the diverted plasma minimizes the erosion, and the high density 
of the plasma provides a high neutral density which eases the 
helium pumping speed requirements. 

An impurity control system based on a pumped limiter would be 
cheaper and simpler than a divertor in that it would require less 
space inside the vacuum vessel and a smaller and lower current 
poloidal field system. However, it was concluded, based on 
current experiments and modelling, that the production of a cool 
plasma edge with a limiter was not the most likely operating 
regime for INTOR. The most probable edge temperature with a 
limiter is expected to be 100-200 eV, and the net sputtering 
rates, even taking into account redeposition of the sputtered 
material back onto the limiter, would be too large to be 
acceptable from either the standpoint of erosion lifetime or of 
impurity contamination of the main plasma. It is possible that the 
edge temperature could be reduced, either by intense recycling or 
by some flow reversal mechanism which caused the impurities to 
accumulate in the plasma edge region and radiatively cool it, but 
the available evidence does not yet support such a possibility. 

The engineering studies have primarily concentrated on the 
design of limiter and divertor collector plates. The materials 
for these plates must withstand high particle and heat fluxes 

20 2 2 
(10 particles/per cm and 3-5 MW/m ) as well as a large flux 
of 14 MeV neutrons. They must be resistant to erosion losses and 
radiation damage, and not be a source of contamination to the 
main plasma. No one material satisfies both the surface sputtering 
and plasma contamination requirements, and the resistance to 
thermal stresses, etc., necessary for high rates of heat removal. 
Thus, the designs have incorporated a plasma side material with 
good sputtering and impurity contamination properties attached 
to a structural material selected to meet the strength and 
radiation damage requirements. For the limiter design, Be is the 
preferred plasma side material due to its low Z, low self-
sputtering rates and high thermal conductivity. The preferred 
plasma side material for the divertor is W, since the sputtering 
rate for a 20-30eV plasma would be negligible. The preferred 
structural material is a copper alloy. These alloys are readily 
available, easily fabricated, and compatible with water cooling. 

2 
As long as the peak heat flux is on the order of 4 MW/m or less, 
both the limiter and divertor systems can have adequate heat 
removal. The major remaining materials question is the long term 
degradation of the material properties of the system components 
due to radiation damage. 

Based on these considerations, the INTOR reference impurity 
control system is a poloidal divertor. The poloidal divertor 
is preferred because of the low sputtering rate of the collector 
plate produced by the cool, dense diverted plasma compared to 



198 STACEY 

the higher sputtering rates expected for the higher temperature 
plasma incident on the limiter. The experiments on D-III, ASDEX, 
and PDX confirm the existence of the cool diverted plasma, and 
the models used for INTOR show good agreement when used to analyze 
the experiments. Thus the poloidal divertor provides a highly 
credible impurity control system for INTOR. While the pumped 
limiter is less promising, it is retained as the back-up option, 
and experience on JET, TFTR, and other machines will contribute 
to the ultimate choice between the divertor and limiter. With 
the short compact design of the divertor, it takes only -10% 
more space than a limiter. 

4. RF HEATING AND CURRENT DRIVE 

For INTOR, RF waves are considered for bulk heating to 
ignition, non-inductive current drive and start-up assist (plasma 
formation and preheating, current initiation, profile control). 

4.1 Bulk Heating 

For bulk heating to ignition, fast magnetosonic wave 
heating in the ion cyclotron range of frequencies was chosen 
as the reference method. This choice is based on potential 
technical and economic advantages of an RF system with 
respect to a neutral beam system. Moreover, among the various 
possible RF heating methods (Alfvén wave, fast magnetosonic wave, 
Ion Bernstein wave, lower hybrid wave and electron cyclotron wave) 
the fast wave heating approach was chosen since it is at present 
the most developed method. The most attractive heating mode is 
heating of deuterium at the second harmonic frequency (85 MHz) 
which permits single pass absorption in the parameter range 
encountered during the heating phase except during the cool (a 

19 -3 
few keV) and rarefied around (5 x 10 m ) plasma close to the 
ohmic regime; in this case, single pass absorption can still 
occur, if important for efficient heating, by using a small 
concentration of protons in the deuterium plasma in a mixed 
proton minority/second harmonic deuterium heating scheme. Up to 
3.2 MW of second harmonic heating power has been applied in PLT, 

19 -3 
resulting in heating efficiencies of 3eV/kW/10 m and achieving 
central ion temperatures of 3.2 keV. 

In principle, overall power requirements could be further 
reduced by the production of sufficient thermonuclear power from 
second-harmonic-produced deuterium tails during the heating 
phase; however, the competition between proton minority and 
second harmonic deuterium heating will determine the effectiveness 
of the deuterium tail generation. The heating power required (in 
the absence of D tail formation) is estimated to be 60 MW, 
including 10 MW for redundancy. 
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Plug-in launcher concepts were developed, both for antenna 
array and for waveguide systems. The critical issues of the 
scheme are, from a physics point of view, the impurity production 
during heating encountered in present-day tokamaks as well as the 
impact of heating on confinement and, as far as launcher technology 
is concerned, the design and lifetime of the Faraday shield and the 
ceramic vacuum barriers. 

4.2 Current Drive 

Non-inductive current drive would allow reduction of fatigue 
problems by going to longer pulse length, but is anticipated to 
require large power (> 100 MW) if applied at reactor-grade plasma 
density. Therefore, rather current ramp-up and recharging the 
transformer while the plasma current is sustained non-

19 -3 
inductively, at low plasma density (~10 m ) and temperature 
(~lkeV), is under consideration for INTOR. Among all possible 
candidates for non-inductive current drive, lower hybrid current 
drive has by now the most solid experimental data base and thus 
is the preferred scheme. For current ramp-up and transformer 
recharging, a power of 10 MW to be applied for about 10-100 s is 
anticipated to be needed; the required wave frequency is around 
2 GHz. For launching lower hybrid waves, waveguide grill arrays 
integrated into a plug-in module were conceived. Avoiding break
down in the wave guides by applying an appropriate surface 
treatment is an important issue here. 

The present position with respect to using non-inductive 
current drive on INTOR is that INTOR should be prepared to 
operate with lower hybrid current ramp-up and transformer 
recharging with a burn pulse length of about 1000 s, but that it 
should not rely on it, because of the considerably increased 
physics risks: 1) a burn pulse length of ¡> 1000 s corresponds 
to times equal to or larger than the global classical skin time; 
therefore current profile control, presently not available, might 
be indispensable; and 2) the experimental and theoretical data 
base for the scheme is still insufficient for a quantification 
of all operational constraints. 

4.3 Start-up Assist 

For start-up assist, the reference choice for INTOR has been 
the use of electron cyclotron waves, because of their proven 
effectiveness for plasma formation and pre-heating as well as 
profile control during the current rise phase. A frequency of 
140 GHz and a power of 10 MW is required. Concepts for plug-in 
launchers for electron cyclotron waves using wave guide or quasi-
optical systems for power transmission were developed. The most 
critical technical problem is developing a reliable ceramic window 
for the transmission line, apart from the necessity to provide 
power sources of reasonable efficiency for the frequency range in 
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question. A weak point of this solution for start-up assist is 
that there is presently no sufficient data base for non-inductive 
current initiation by electron cyclotron waves. The suitability 
of lower hybrid waves for this function (as well as for plasma 
formation and pre-heating) has recently been demonstrated and 
could prove feasible for INTOR. 

As the data base develops, it will be desirable to reduce the 
number of auxiliary devices on INTOR that are applied to fulfil 
the different functions to a minimum, possibly one. 

5. TRANSIENT ELECTROMAGNETICS 

Transient electromagnetic effects impact tokamak design 
requirements for start-up, plasma stabilization, and the ability 
of the torus components to withstand the forces and voltages 
induced during plasma disruption. The most favorable design 
characteristics in each of these areas is often in conflict with 
desirable features in the other areas or with constraints imposed 
by other subsystems. 

5.1 Start-up 

Penetration delay times have been shown to differ by as much 
as an order of magnitude for the equilibrium field and electric 
field, depending on geometry, rates of change of fields and 
distribution of resistance in the torus. 

The resistance of sector walls around blanket/shield sections 
relative to the resistance between sectors (e.g.-bellows) has a 
strong influence on the penetration of the equilibrium field 
because the EF is inductively well-coupled to both toroidally 
continuous eddy current paths and to saddle type induced current 
paths which do not require toroidal continuity. On the other hand, 
the OH flux, which is the source of the electric field required for 
the plasma, is well coupled to toroidally continuous paths, but not 
to the saddle paths, so it is not strongly influenced by the 
resistance distribution azimuthally but only by the "average" 
level of the resistance. As a result, the study of start-up and 
radial position control field requirements remains an area of 
intense interest and requires better definition of the 
specifications to be imposed on the torus configuration, PF coil 
and plasma current scenario. 

5.2 Vertical Stabilization 

Recent operating scenarios for INTOR have considered the use 
of separate control colls to provide active vertical stabilization 
of the plasma. A rapid vertical plasma displacement would be 
initially restrained by fields due to the eddy currents induced 
in passive elements, then the set of active coils would be 
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excited to provide the required field. This would limit the 
response time needed for the power supply and effect the power 
required for the control coils. 

Codes are being used which allow modeling of complex passive 
elements and selected active coil locations with specified feed
back control laws and "rigid" plasma models which can move 
vertically. Effort has also been started using deformable plasma 
models with distributed currents. In general, it has been shown 
that: 1) location of the active control coils outside the bulk 
shield results in an acceptable power requirement for the fast 
feedback circuit, provided that; 2) a passive element is located 
in close proximity to the plasma; 3) the torus structure may 
be capable of providing the necessary passive stabilization with
out the requirement for additional conducting elements; and 
4)toroidal continuity of the active or passive components is not 
a necessary requirement, so that sectored or saddle-shaped 
geometries may be used effectively. 

Analyses have also been carried out based on a single general 
stabilization circuit with gain, leading and lagging control time 
constants and a rigid filamentary plasma. Although oversimplified, 
the model leads to a concise statement of stability requirements 
in terms of dimensionless parameters which show: 1) active 
feedback is required and must exceed a threshold level; 2) the 
passive characteristics must exceed a threshold level which 
becomes more stringent as lagging control time constants increase. 

For the special case where the generalized single circuit 
consists of two series opposing circular loops symmetrically 
located above and below the z * 0 plane, the stabilization 
criteria can be reduced to determine locations for which loops are 
effective. 

Future effort will involve improved modeling of power supply 
characteristics, integration of the active coils into the design, 
and further code development to treat the combined radial and 
vertical control problem with a distributed current, deformable 
plasma. 

5.3 Disruption 

The rapid decay of magnetic flux associated with a plasma 
disruption induces currents in, and voltages between, conducting 
bodies which are nearby. Recent design concepts utilize toroidal 
shells, shell segments or limiters near the plasma which are 
divided into sectors for assembly and maintenance purposes or to 
reduce eddy current em loads. The sectoring, however, results in 
gaps which must withstand the voltages during disruption without 
arcing. 

The currents, loads and voltages associated with disruption 
have been estimated with models using a stationary, distributed 
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current plasma as a current source. Toroidal and poloidal induced 
currents interact with the applied fields and their self fields to 
produce overturning moments and components of force in various 
directions. Results indicate that the distribution of these loads 
is strongly dependent on toroidal continuity and sector geometry 
and that the loads are non-trival, but manageable. 

The minimum voltages across gaps to initiate discharge (25-
50 V) and to sustain arcing (10-20 V) have been estimated on the 
basis of a preliminary survey of experimental data. Estimates 
for the voltage generated across sector gaps during disruption 
can also be in this range, depending on sector geometry, 
resistance distribution, and plasma current decay model. The 
development of a specification for the voltage across gaps is 
necessary and will require model validation and experiments 
with realistic plasma conditions near a gap. 

6. PHYSICS DATA BASE 

Since the studies of INTOR Phase One, a large amount of 
experimental and theoretical work has contributed to clarify the 
main plasma physics issues. Nevertheless, additional efforts are 
needed to complete the INTOR data base. 

6.1 Stability 

Several tokamak experiments have shown that the beta limit is 
soft, with saturation of beta when the heating power increases. 
The highest beta value (4.6%) was attained in Doublet-Ill. The 
highest poloidal beta, achieved in ASDEX, is 0 = 0.65 A. These 

experimental values of beta do not exceed the theoretical ideal 
n = » ballooning stability limit, but possibly are slightly above 
the low-n kink instability limit. The reference value of beta 
for INTOR (5.6%) thus is not yet supported by existing data. Low 
q operation, as achieved in some small size tokamaks, increasing 

the plasma current or optimizing the geometrical configuration may 
be necessary to achieve the INTOR reference beta. 

The density limit in tokamaks is frequently expressed in 
20 -2 -1 

terras of the Murakami scaling n = CB /R. C values of 10 m T 

were reported for PDX, ISX-B, D-III at low q. This is close to 
what is needed for INTOR. 

If the plasma operates outside the stability region, 
disruptions will occur. Major plasma disruptions are described 
theoretically as a nonlinear mixture of helical modes which build 
up and cool the plasma because of enhanced thermal conductivity. 
Accurate control of the plasma current and density profiles can 
help to diminish the disruption probability. 
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6.2 Confinement 

The scaling of the energy confinement in ohmically heated 
plasmas is rather clear now. The ion heat transport is very 
close to neoclassical. However, the more important electron 
heat transport is much higher than neoclassical and empirically 
is described fairly well by neo-Alcator and by T-ll scalings. 
These scalings predict 5 sec for the energy confinement time 
of an ohmically heated INTOR discharge. 

As for auxiliary heated plasmas, the experimental data 
are not converging so well. As compared with ohmic heating, a 
deterioration of confinement in the so called L-regime is 
evident; the confinement time decreases with the input power, 
increases with the current and is weakly dependent on the density. 
The H-regime has a factor of two better confinement, and in some 
cases the favorable density dependence of ohmically heated plasmas 
is restored. The energy confinement time is beta-dependent near 

„,-l/2 
the beta limit. Assuming a temperature dependence T„~T as 

seen in the T-10 and T-ll experiments and starting from the T-ll 
scaling, the confinement time in INTOR can reach the reference 
value of 1.4 sec. Even assuming the rather unfavorable empirical 
correlation of Goldston and Kaye, with a multiplicative factor 
of two to account for H-mode, the confinement time in INTOR 
can reach the reference value. 

The particle bulk confinement time is usually 3 to 5 times 
larger than the energy confinement time; the experimental values 
of the momentum confinement time are of the order of the energy 
confinement time. 

6.3 Neutral Beam Heating and Current Drive 

Neutral beam injection continues to be a promising back-up 
option for plasma heating in future large tokamaks. For current 
drive by neutral beam in INTOR-like devices, about 100 MW at 1 
MeV would be required during the burn phase. 

6.4 Equilibrium Control 

Plasma position and shape control does not seem to be 
subject to major plasma physics uncertainties. To diminish 
the vertical and horizontal displacements, fast active control 
coils seem to be needed. 

6.5 Burn Control 

There are several mechanisms for controlling the plasma burn 
temperature, namely the toroidal field ripple, beta limits, 
compression-decompression, high Q-operation, and fueling. How
ever, the optimal way of burn control is not clear yet. 
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7 . ENGINEERING AND NUCLEAR 

7.1 Maintenance Philosophy 

Maintenance considerations for INTOR were established at the 
outset of the INTOR design studies as a fundamental consideration 
in the development of the design concept. A philosophy was 
adopted based on remote maintenance when the torus must be opened 
and upon "hands-on" maintenance for operations external to the 
torus, with personnel access possible to the outside of the torus 
24 hours after machine shutdown. Implementation of this philosophy 
has led to a modularized design concept, and designing to achieve 
the required access has had a significant impact on the design 
of the tokamak systems. 

7.2 Mechanical Configuration and Maintenance 

The original mechanical configuration concept was based on 
the use of oversized TF coils in order to accomodate a 
relatively straight-forward assembly/disassembly procedure in which 
the number of torus sectors was equal to the number of TF 
coils. A significant improvement in reducing the size of the TF 
coils has been made in the recent INTOR design study. The present 
TF coils have a bore size of 6.6 m x 9.3 m. Twelve blanket 
sectors are assembled with straightline horizontal motion through 
windows between TF coils. Semipermanent inboard, upper and 
lower shields form the primary vacuum boundary of the inner 
surface. The final closure of the vacuum boundary is made on the 
outer interface of each removable torus sector and semipermanent 
shield. All superconducting coils are placed in a common cryostat 
except for the lower outboard PF coil. 

It has been recognized that the emphasis upon maintainability 
is one of the major factors in determining the mechnical 
configuration. The requirement of a relatively simple torus and 
divertor assembly/disassembly procedure led to somewhat larger TF 
coils than was required to meet the ripple criteria. The 
requirement of maintainability led also to a choice of an all-
external PF coil system. The requirement of personnel access for 
maintenance led to considerably more outboard shielding than would 
be necessary for component protection. An additional shield of 
approximately 50 cm is required. 

During the present phase of the INTOR Workshop, two design 
concepts are being compared; one where personnel access is 
allowed for maintenance 24 hours after shutdown, and the other 
where personnel access is forbidden, demanding fully remote 
operations for all maintenance activities. A preliminary 
conclusion drawn from this study indicates that a minimum outboard 
shield design does not necessarily improve the all-remote design. 
A reduction in the outboard shield thickness to achieve the 
minimum reactor size for the all-remote design appears to result 
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in a significant increase in the reactor building wall thickness, 
reactor hall activation and nuclear heating to the TF coils. There 
does not appear to be any significant advantage to be realized by 
replacing the present "limited personnel access" maintenance 
concept by a "totally remote" concept. 

7.3 First Wall and Blanket 

Extensive analysis supports the design of the first wall, 
blanket and shield. A water-cooled stainless steel first wall 
is predicted to last the full lifetime of the device, provided 
that localized melt layers which may result during a plasma 
disruption are stable. 

A tritium producing blanket having solid breeding material 
covers the outboard and upper surface of the plasma chamber and 
would produce more than 60% of the tritium to be consumed in 
INTOR. Li„0 has been adopted as the breeding blanket material. 

The recommended temperature range for tritium recovery is 400 C 

to 650 C. An estimated tritium inventory in the blanket is in 
the range of 0.3 kg to 1 kg. Extensive studies are also being 
made on other candidate materials for the blanket, such as Li SiO 
a„dLi17Pb83_ 

7.4 Tritium Permeation 

Investigation of tritium permeation and inventory in the 
first wall, limiter and divertor indicated large uncertainties in 
a number of areas. The present best estimate for the steady-state 

2 
tritium permeation rate to the coolant is in the range of 10 -
4 

10 Ci/day. However, several methods for separating tritium from 
the coolant are available. Since the capital and operating costs 
of such a separation system are strongly dependent on the process 
flow rate, which is proportional to the permeation rate and varies 
inversely with the allowable tritium concentration in the coolant, 
a reassessment of the date base for predicting the permeation rate 
and inventory is being made. 

8. TECHNICAL BENEFIT 

All the participants in a collaborative international project 
of the INTOR type would undoubtedly want to receive the technical 
benefit that would result from developing and manufacturing the 
technologically advanced components, as well as the financial 
benefit that would result from sharing the costs. The Workshop is 
evaluating the technical feasibility of partitioning the detailed 
design, fabrication and construction tasks in such a way that all 
partners would participate in all technologically advanced aspects. 
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The modular character of most advanced technology components 
in INTOR - such as superconducting coils, torus sectors, RF 
heating launchers and others - would suggest exploiting this 
modularity for developing that experience. International 
partitioning in design/fabrication/construction of INTOR implies 
some obvious advantages deriving from only one international INTOR 
(reduced overall cost) versus four independent similar national 
experiments, and also some disadvantages (more demanding 
management co-ordination and control requirements, some delay in 
schedule). 

Relative to a single national project carried out by domestic 
industry, an international project in which the detailed design 
and fabrication of all high technology components was partitioned 
among four partners would cost about 70% more and would require 
about two years longer to design and construct, because of the more 
complex project management requirements. On the other hand, each 
of the four countries would realize the technical benefits of 
constructing and operating an INTOR type experiment for only about 
40% of the cost of building and operating such an experiment 
unilaterally. 
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INTOR: IMPURITY AND PARTICLE CONTROL 
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Abstract 

INTOR: IMPURITY AND PARTICLE CONTROL. 
The INTOR impurity control system studies have been focused on the development of 

an impurity control system which would be able to provide the necessary heat removal and 
He pumping while satisfying the requirements for (1) minimum plasma contamination by 
impurities, (2) reasonable component lifetime (about 1 year), and (3) minimum size and cost. 
The major systems examined were poloidal divertors and pumped limiters. The poloidal 
divertor was chosen as the reference option since it offered the possibility of low sputtering 
rates due to the formation of a cool, dense plasma near the collector plates. Estimates of the 
sputtering rates associated with pumped limiters indicated that they would be too high for a 
reasonable system. Development of an engineering design concept was done for both the 
poloidal divertor and the pumped limiter. 

1.0 INTRODUCTION 

The INTOR impurity and particle control system must be able 
to both absorb the 120 MW of alpha particle heating power and to 
remove the alpha particles at the rate they are produced. This 
must be accomplished without contamination of the plasma by 
impurities and without a large erosion rate of the first wall 
components. The major candidate systems studied were a poloidal 
divertor and a pumped limiter. The studies have consisted of an 
assessment of the experimental and engineering data base for 
impurity control systems based on current experiments, the use 
of sophisticated computational models to extrapolate to the 
operating parameters and performance for INTOR, and the 
development of an engineering concept for the design of a system 
for INTOR. The major systems studied have been the poloidal 
divertor and the pumped limiter (Fig. 1). 

The major impurity control problem is likely to be 
sputtering of collector plate materials by energetic plasma ions 
and charge exchange neutrals. The energy of the plasma ions 
that strike the collector plate is largely determined by the 

* Permanent address: Plasma Physics Laboratory, Princeton University, Princeton, 
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FIG.l. Schematic outline of (a) poloidal divertor and (b) pumped limiter system for INTOR. 

sheath potential which is several times (~ 2-4) the electron 
temperature of the plasma near the collector plate. Based on 
extrapolations from experiments and the use of computational and 
analytic models, it is expected that the temperature at the 
plasma edge of INTOR should be in the 100-200 eV range. The 
density should be in the 1013 - 3 x 1013 cm"3 range. Thus the 
sheath potential and ion energy for the plasma that is incident 
on a limiter should be in the 300-800 eV range. This will lead 
to large sputtering rates for the limiter. 

If the temperature of the plasma near the collector plate 
can be reduced to 20-30 eV, then materials can be found which 
have sputtering thresholds above the incident ion energy. One 
method for lowering the plasma edge temperature is the use of 
large impurity radiation losses from the plasma edge. This is 
observed on current tokamaks where low Z radiation losses from 
the edge can exceed 70° of the heating power [1]. However, the 
fraction of power radiated in experiments with high power 
auxiliary heating is usually less than this. Modelling studies 
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indicate that the production of a very cool edge by imparity 
radiation requires significant levels of impurities at the 
plasma edge. If these impurities were present in the plasma 
center, they would cause significant energy losses, and are thus 
unacceptable. 

A second way of producing a low temperature plasma is to 
increase the recycling rate. Neglecting radiation losses, it 
can be shown from sheath theory [2] that the temperature and 
density near the collector plate are largely determined by the 
localized recycling coefficient R, the number of times an ion-
electron pair strikes the collector plate after leaving the main 
plasma. In this formalism, T=To/R and n=no R ' , where To and 
no are the edge temperature and density with no recycling (~ 600 
eV and 10' cm ). Both modelling calculations [3-6] and 
experiments on ASDEX [7], D-III [8], and PDX [9] indicate that 
this can be accomplished by the use of a suitably designed 
poloidal divertor. A cool, dense plasma (ne ^ 10

 4 cm- , Te ^ 
30 eV) can be produced near the collector plate by intense 
localized recycling of the plasma and neutral gas. The low 
temperature of the diverted plasma minimizes the erosion, and 
the high density of the plasma provides a high neutral density 
which eases the helium pumping speed requirements. 

2.0 GENERAL MATERIALS CONSIDERATIONS 

Impurity control components are exposed to high particle 
and heat fluxes that can result in high sputtering erosion rates 
and high fluxes of 14 MeV neutrons which will degrade the bulk 
properties. The materials used for impurity control must 
therefore be resistant to erosion losses and radiation damage, 
capable of operating at elevated temperatures, and at the same 
time not be a source of contamination to the plasma. 

Among the properties important for material selection, are 
the thermophysical properties, mechanical strength and 
ductility, fatigue and crack growth behavior, coolant and 
hydrogen compatibility, radiation swelling and creep, and 
sputtering erosion behavior [e.g. 10]. The desired 
thermophysical properties are those that minimize the thermal 
stresses. The mechanical strength and ductility should be 
adequate to accommodate the weight loads, coolant pressures, 
thermal stresses, and electromagnetic forces. For high cycle 
machines like INTOR, the materials should exhibit favorable 
fatigue, crack growth, and stress corrosion behavior. The 
materials should also exhibit low radiation swelling and creep 
rates. The surface sputtering rate should be low enough to 
provide extended lifetimes and to keep impurities to an 
acceptable level in the plasma. 
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TABLE I. CANDIDATE IMPURITY CONTROL MATERIALS 

Plasma side materials Heat sink materials 

Low-Z: C, Be, B, TiC, SiC, B4C, BeO Copper alloys 

Medium-Z: Stainless steel, vanadium Vanadium alloys 

High-Z: W, Ta, Nb Niobium alloys 

A survey of available materials indicates that no one 
material satisfies both the surface sputtering and structural 
requirements. Hence, the design of impurity control components 
incorporates separate plasma side materials which are attached 
to a structural material selected tó meet the strength and 
radiation damage requirements. The division of plasma side and 
structural materials allows greater flexibility in the selection 
of materials but also creates additional difficulties associated 
with attachment. 

The candidate materials considered for impurity control are 
listed in Table 1. These materials were selected from a larger 
pool of possible materials based upon the property requirements 
listed above. The plasma side materials are divided into low-Z, 
medium-Z, and high-Z materials. At low plasma edge 
temperatures, (¿, 50 eV) all materials may be used but high-Z 
materials are expected to exhibit very low sputtering erosion, 
and therefore they are predicted to have the greatest 
lifetimes. At higher edge temperatures, both medium- and high-Z 
materials are unacceptable due to excessive self-sputtering. 
The permissible plasma side materials are those whose self-
sputtering coefficients never exceed unity, which limits the 
selection to materials whose atomic weights are at or below the 
atomic weight of SiC. The candidate heat sink materials are 
copper alloys and transition metal alloys. 

Material selection for INTOR has focused on the use of low-
Z materials Be and C, for plasma edge temperatures ¿ 100 eV and 
the use of high-Z materials, W and Ta for plasma edge 
temperatures ¿ 50 eV. Be is favored over C because C is known 
to exhibit enhanced chemical sputtering and because C has rather 
limited irradiation lifetimes. W is favored over Ta because Ta 
is susceptible to hydrogen embrittlement and thus does not 
appear to be compatible with the DT environment. Copper alloys 
have received the most attention as heat sink materials since 
they are readily available, are easily fabricated, and are 
capable of operating at the anticipated operating temperature 
(100 < T < 300°C). 
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3.0. POLOIDAL DIVERTOR 

A. Divertor Physics 

The INTOR poloidal divertor has a short, compact 
configuration of the "expanded boundary" type [11] (Fig. 1a). 
The need for a blanket, shielding, and remote handling has led 
to the placement of the poloidal field coils outside the 
toroidal field coils. The major attraction of the divertor is 
the possibility of a low-temperature, high-density diverted 
plasma near the collector plate. The key physics questions are 
the credibility of (1) producing such a cool, dense plasma in 
the divertor chamber, and (2) producing that plasma in the 
"open" geometry which follows from having the poloidal field 
coils outside the toroidal field coils. These issues have been 
addressed both by an assessment of experimental data from 
divertor experiments on D-III [8], ASDEX [7], PDX [9], and PBX 
[12], and by the use of large scale computational models [3-6] 
to extrapolate from these experiments to an INTOR sized device. 

The experimental results from the divertor experiments 
indicate that a dense, cool plasma can be produced near the 
divertor plate by intense, localized recycling [7-9, 12]. 
Temperatures as low as 5 eV and densities as high as 3 x 
10 4cm have been produced with several megawatts of auxiliary 
heating. There are substantial density and temperature 
gradients along the field lines, with the temperature at the 
tokamak edge near the main plasma often being a factor of 10 or 
more higher than the temperature on the same flux surface in the 
divertor. 

With regard to the viability of such a "high-recycling" 
divertor in an "open" geometry, experiments on D-III [8] and PBX 
[12] with such an open geometry indicate that if the diverted 
plasma is sufficiently wide so that the neutrals formed at the 
collector plate are ionized in the diverted plasma, a high-
recycling divertor is formed. 

Large scale computational models which calculate the plasma 
transport in the plasma edge both along and across the flux 
surfaces self-consistently with particle and energy sources due 
to the recycling neutral gas [3-6] have been used. The neutral 
transport is usually computed in realistic two-dimensional 
geometries with detailed models for atomic processes and wall 
reflection and sputtering. These codes have been used to carry 
out modeling analyses of divertor experiments with reasonable 
agreement [e.g. 6]. These models indicate that the INTOR 
divertor should be able to operate in the "high-recycling" 
regime. The calculations of each delegation indicate that the 
peak temperature of the diverted plasma at the collector plate 
should be 30 eV or less and that the peak density should be 
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FIG.2. Calculations of electron density in INTOR poloidal divertor. 

10 4cm or greater (Fig. 2). The low temperature eases the 
erosion problem, and the high density indicates that the helium 
ash can be exhausted with modest sized pumping systems. 

One major result from these studies is the evolution of 
poloidal divertors from the very large systems envisaged in many 
early reactor designs (Fig. 3) to divertors of the "PDX" and 
"ASDEX" type with internal coils, and then to the short, compact 
divertors of the type planned for INTOR (Fig. 1). The ratio of 
the volume of the divertor chamber to the volume of the plasma 
has been reduced from ~ 2 to ~ 0.15. The method of impurity 
control has shifted from high speed exhaust requiring massive 
pumping systems, to "high-recycling" divertors with very low 
pump speed systems, and relatively stagnant flows (v- /v g o u n d << 
1) into the divertor. The emphasis on impurity control has 
shifted from "impurity shielding" by the plasma edge to 
minimizing the impurity production at the collector plate where 
the plasma comes into contact with the wall and where most of 
the power falls. 
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PRINCETON REACTOR POX ASDEX 

FIG.3. Evolution ofpoloidal divertor designs from early reactor concepts to INTOR divertor. 

TABLE II. LIMITER AND DIVERTOR OPERATING CONDITIONS 

Divertor Limiter 

Total power to collector plates (MW) 
Particle (MW) 
Radiation (MW) 

Pre-sheath ion energy (eV) 

Sheath potential (eV) 

Peak power (MW-m~2) 

70 
53 
17 

25 

6 0 - 8 0 

4 .7 -7 

84 

80 

4 

150 

300 -800 

2.4 
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B. Divertor Collector Plate Design 

The collector plates receive most of the particle flux and 
power which enters the divertor, and hence experience the most 
severe environment of any of the plasma side components. The 
goals of the design studies have been to develop collector plate 
designs that can safely and reliably remove the power deposited 
on the surface, that have extended lifetimes (> 1 y), and that 
can also satisfy the physics requirements. 

The consequence of the low plasma temperature at the 
divertor plate is that sputtering erosion is completely 
eliminated for high-Z materials (Table II). The use of tungsten 
at the plasma side material provides an additional benefit since 
no vaporization or melting is predicted to occur for the 
reference disruption conditions. The elimination of erosion on 
the collector plates means that plasma side material can be a 
thin layer (~ 1 mm) rather than a thick plate (1-2 cm). 
Thermomechanical . analyses performed during the INTOR studies 
suggest that a heat load of ~ 5 MW/m2 represents a practical 
upper limit for impurity control systems. The present Phase 
Two A specifications (Table II) are at or above this limit. 
Work is in progress to determine if design changes to reduce the 
peak heat load such as a reduction in the angle between the 
plate and the magnetic field surfaces are needed. 

Potential failure modes for the collector plates are 
erosion, excessive dimensional change due to radiation swelling 
or creep, debonding between the plasma side material and heat 
sink, and severe embrittlement which prevents the system from 
withstanding off-normal events. The current design eliminates 
erosion as a life limiting concern, but other concerns such as 
radiation damage could result in a short lifetime, 
unfortunately, the data base for the impurity control materials 
is sparse, and it is not possible to adequately characterize the 
long term response of the collector plates. Since the divertor 
lifetimes could be much shorter than the other nuclear systems, 
provision is made to replace it independently of the rest of the 
reactor. 

4.0 PUMPED LIMITER 

A. Physics studies 

The pumped limiter was examined during Phase Two-A, Part 
One, because it offered the potential for a reduced cost device 
that might still provide adequate impurity control. The basic 
configuration is a shaped, double sided pumped limiter located 
at the bottom of the vacuum vessel (Fig. 1b). The potential 
performance of the pumped limiter was studied by an assessment 
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of pumped limiter experiments [13-16] and by using large scale 
computational models to extrapolate from these experiments to 
INTOR. 

It is to be expected that limiters have less potential for 
impurity control than divertors, due to higher temperatures (~ 
100-150 eV for INTOR) than divertors (~ 25 eV) near the 
collector plate. However, near term experiments on JET, TFTR, 
and T-15 with high power auxiliary heating and limiter operation 
will provide data on impurity control with limiters. At the 
present time, carbon limiters are able to provide adequate 
impurity control on most present tokamaks with high power 
auxiliary heating. A second issue is the lifetime due to 
erosion. For a long pulse, high duty factor experiment such as 
INTOR, erosion will be an issue even if tolerably clean plasmas 
can be produced with limiters, since the lifetime of the limiter 
must be of the order of a year or greater. Experimental data 
will not be soon forthcoming since long pulse, high duty factor 
machines are not likely to precede INTOR in the immmediate 
future. Predicted sputtering rates for the pumped limiter are 
in the 5-50 cm/year range. These rates may be reduced by the 
redeposition of the sputtered material back onto the limiter. 
Model calculations of this indicate that the net erosion rate 
may be marginally acceptable in some designs. However, the 
confidence in our understanding of the physics of the transport 
of impurities in the plasma edge is not sufficiently high to 
base the INTOR design on a pumped limiter. 

The pumping of helium is a key issue. Very promising early 
small scale pumped limiter experiments [17] have been followed 
by large scale modular pumped limiter experiments with high 
power auxiliary heating on ISX [13], PDX [14], and PLT [15] and 
with ohmic heating on TEXTOR [16], With auxiliary heating (;> 2 
MW), neutral pressures of 1-5 * 10 torr in the pumping chamber 
and particle removal efficiencies of 2-5% were measured. An 
axisymmetric limiter will be required for INTOR, so a key 
question is how these pressures and particle removal 
efficiencies will scale when the particle exhaust is spread out 
on an axisymmetric structure instead of localized on one or two 
limiters. Experiments on this question are needed. 

The performance of these limiter experiments has been 
modeled with reasonable success [14,18] using Monte Carlo 
neutral transport codes. These codes have also been used to 
model the INTOR limiter performance [19]. These models show 
that for a large area limiter such as the INTOR limiter, the 
neutral mean free path is small compared to the limiter. Thus, 
the neutral recycling is localized on the front face of the 
limiter, and on the "neutralizer plate" underneath the 
limiter. The charge exchange flux falls almost entirely on the 
limiter, and on the first wall near the limiter tips and near 
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the neutralizer plate. Thus, the erosion due to charge-exchange 
neutrals is localized there. The first wall away from the 
limiter will have a very low charge exchange flux and therefore 
will have a very long erosion lifetime for sputtering, perhaps 
as long as the machine lifetime. This greatly eases the general 
remote maintenance requirements. There is evidence from PDX and 
TFTR limiter experiments that this type of localized recycling 
is a real effect [14J. The small number of neutrals that go 
behind the limiter will also reduce the pumping speed. 

B. Limiter Design 

The limiter occupies the same location as the divertor, and 
it takes up somewhat less space than the divertor. The particle 
and heat flux requirements for the limiter (Table II) are 
similar to those for the divertor. The limiter must have 
adequate heat removal capacity and should have lifetime 
exceeding ~ 1 y, just like the divertor. 

There are some important engineering differences between 
the limiter and divertor, however. The plasma temperature at 
the collector plate is 150 eV for the limiter compared with 25 
eV for the divertor. At 150 eV, low-Z materials must be used to 
avoid runaway seIf-sputtering. The sputtering erosion, 
particularly at the leading edge, is predicted to be high. The 
erosion lifetime will be limited by the maximum allowable 
thickness of the plasma surface material. This thickness is 
usually limited by the thermal stresses and fatique strain that 
can be tolerated in the structure. Beryllium is the favored 
low-Z material. Its erosion lifetime is approximately 2 y on 
the top surface but is only ~ 0.15 y at the leading edge. A 
possible solution to the short lifetime is to replace the 
beryllium with tungsten at the leading edge. The plasma 
temperature is < 50 eV at this position which is acceptable for 
the use of sputtering high-Z materials. The use of another 
material creates additional interface problems, however. The 
plasma edge is predicted to have short power and e-folding 
distances, which would result in high peak heat loads on a flat 
limiter. In order to reduce peaking, the limiter surface is 
shaped to spread the power uniformly over the surface. 
Unfortunately, a shaped limiter would be susceptible to 
nonuniform heating if the plasma shifts position. The leading 
edges appear to have lower heat loading limits than the top 
surface, and therefore the edges have been placed at positions 
where the peak load is 1 MW/m . At this power level, a double 
edged limiter is needed to maximize the pumping capability of 
the system. 

Aside from the sputtering erosion, the lifetime concerns 
are similar to those of the divertor. Again, since the data 
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base is sparse it is not possible to adequately characterize the 
long term response of the limiter. 

5.0 SUMMARY 

Based on these studies, the INTOR impurity control group 
has selected the poloidal divertor as the reference impurity 
control option. In view of its reduced complexity, the pumped 
limiter has been retained as the back-up option. The major 
advantage of the poloidal divertor is the demonstrated ability 
to produce a cool, dense plasma in contact with the collector 
plate, thus greatly reducing the impurity production at the 
plate (Table III). There are some theoretical and experimental 
indications that impurities generated at the divertor plate are 
returned to the plate because of, among other effects, the large 
proton flux on the plate. Other items of comparison are listed 
in Table III. Several other systems, including a bundle or 
hybrid divertor, and an ergodic magnetic limiter were 
considered, but were not felt to have the level of credibility 
of the divertor or pumped limiter. 

Future work on the physics of the impurity control system 
for INTOR will concentrate on theoretical studies and continued 
assessment and encouragement of divertor and limiter 
experiments. The theoretical studies of divertor systems will 
center on two dimensional calculations of plasma and impurity 
transport in realistic geometries and a better study of the 
pumping efficiencies. The theoretical studies of limiters will 
concentrate on self-consistent, two-dimensional studies of the 
plasma conditions around limiters. Two key questions are the 
extent to which localized recycling can lower the temperature of 
the plasma in contact with the limiter front face, and to what 
extent localized recycling in the scrape-off plasma can increase 
the pamping efficiency. On the experimental side, experiments 
on "expanded boundary" divertors and on axisymmetric pump 
limiter systems with high power auxiliary heating are to be 
encouraged. 

Future emphasis for engineering will be on divertor design 
refinements. The work will include examination of the benefits 
of a shortened divertor channel on operation and reactor design, 
analysis of the effects of sputtered first wall material on 
divertor operation, and additional predictions of the thermal-
hydraulic and stress response of the divertor collector 
plates. In addition, the INTOR participants are exploring 
alternate concepts for impurity control and are continuing to 
examine limiter design trade-offs. 

In the engineering area, there is a need to perform R&D 
that provides needed materials data for design. In particular, 
fabrication methods for impurity control components should be 
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TABLE III. COMPARISON OF DIVERTOR AND PUMPED LIMITER 

ITEM DIVERTOR PUMPED LIMITER 

1. Plasma parameters 
in front of collector 
plate 

2. Impurity control 

3. Collector plate 
materials 

4. First-wall erosion 

5. Heat flux limits 

6. Component lifetime 

7. Pumping requirement 
8. Effects on energy 

confinement 
9. Torus size 

10. Poloidal coil power 
requirements 

11. Relative cost 

high probability of high 
density (> 1014cm~3) and 
low temperature (^30 eV) 

low sputtering rates and 
possibility of trapping 
impurities in divertor 
chamber 
low- or high-Z 

concentrated near divertor 
(question about impurity 
shielding performance 
of scrape-off plasma) 
2-5 MW-rn"2 

very long (for erosion), 
redeposition of first-wall 
material potential limitation 

(1-10)X 104L-s_1 

H-mode 

increased torus size due to 
null points and divertor 
chamber 
increased compared to 
limiter 
«7% more expensive than 
limiter 

high probability of 
medium density 
(5X1012-5X1013cm~3) 
and medium temperature 
(100-200 eV) 
large sputtering rates and 
easier access to main 
plasma for impurities 

low-Z 

concentrated near limiter 

2-5 MW-m-2 for plate 
and ~ 1 MW • m~2 at plate 
tip 
short (of the order of 
1 year with high degree 
of redeposition, much 
less with less lower 
redeposition) 
(1-5) X 105L-s_1 

L-mode 

lesser increase due to 
need for pumping 
chamber 

developed, and the effects of radiation damage on impurity 
control materials should be determined. The effects of 
sputtering erosion under prototypical plasma edge conditions 
also needs to be determined. Important areas to be addressed 
are redeposition of sputtered particles and the edge temperature 
limits for high-Z materials. Finally, data on the effects of 
disruptions on erosion are needed. 
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DISCUSSION 

F.W. PERKINS: Do the cost estimates for INTOR reflect the increased 
confinement time for the H-mode which a divertor provides as compared with 
the L-mode confinement time of limiter discharges? 

D.E. POST: No. Except for pointing out that the divertor may give the 
H-mode, we have not factored it into the design and cost. The increased cost 
of the divertor compared to the limiter is due to its slightly larger size and more 
stringent requirements on poloidal field system performance. 

R.J. TAYLOR: It seems now that the limiter cannot compete with the 
divertor because of its small size. However, no respectable experiments on large-
scale limiters have been done. That being so, how sure can we be that a large 
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limiter would not be satisfactory? It seems that a large limiter would be entirely 
appropriate for handling all the heat of a reactor without having the throat prob
lems of a divertor. 

D.E. POST: Both the divertor and an axisymmetric limiter should provide 
adequate heat removal. Both systems have peak heat fluxes of 2—5 MW/m2. The 
major drawback of the limiter compared with the divertor is that, with the latter, 
the diverted plasma can be cool (Te ~ 20 eV), thus reducing the sheath potential 
so that sputtering can be minimized, whereas the most probable edge temperature 
for a limited plasma is 100—300 eV, giving very high sputtering rates. The high 
sputtering rates indicate that the impurity production and limiter erosion will also 
be high. 

R.J. TAYLOR: Another point is that heated titanium does not have 
embrittlement problems, and may have advantages in arc suppression and startup. 

D.E. POST: Titanium has not been considered because it has a low sputtering 
threshold as compared with W and Ta. 
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Abstract 

INTOR: RF HEATING AND CURRENT DRIVE. 
The use of RF systems for heating, current drive and startup assist in the present INTOR 

concept is described and discussed. 

1. INTRODUCTION 

For INTOR, the use of RF waves is considered for various functions: plasma 
heating to ignition, non-inductive current drive and startup assist (i.e. plasma 
formation and preheating, current initiation, profile control). The principal 
wave modes considered are fast magnetosonic (FM) waves in the ion cyclotron 
range of frequencies, lower hybrid (LH) waves, and electron cyclotron (EC) 
waves [ 1 ], but Alfvén waves and ion Bernstein waves are also discussed. 

2. PLASMA HEATING TO IGNITION 

For plasma heating to ignition, the use of FM waves in the ion cyclotron 
range of frequencies was chosen as the reference method. This choice is based 
on the potential technological engineering design and the economic advantages 
of RF systems with respect to a neutral beam system and on the fact that FM wave 
heating is the most developed of the RF methods and has shown satisfactory 
heating efficiency. Neutral beam heating is the first back-up option with which 
close to thermonuclear temperatures have been achieved in tokamaks. LH wave 
heating of electrons, in particular, also appears attractive, as it was shown to 
have quite a good heating efficiency and there are indications of improved confine
ment during LH current drive and electron heating in several experiments 
(FT, PETULA, PLT, Versator). Electron cyclotron heating is currently handicapped 
by the absence of suitable power sources, whose development is expected to 
require considerable time. 

* Permanent address: FOM Instituut voor Plasmafysica Rynhuizen, Nieuwegein, 
Netherlands. 

** The members of the INTOR Group are identified in Paper No. IAEA-CN-44/G-I-1. 
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The most attractive heating mode, using FM waves, is heating at the second 
harmonic of the gyrofrequency of deuterium ions (85 MHz in INTOR). This 
mode allows single-pass absorption in the plasma parameter range encountered 
during heating to ignition except for the cool (a few keV) and rarefied (around 
5 X 1019 m - 3) Ohmic target plasma anticipated for the start of additional heating. 
Furthermore, the mode is expected to allow a power deposition satisfactorily 
centred on the plasma axis and to lead to the formation of a high energy tail in 
the deuterium distribution; this enhances the fusion reactivity and thus eases 
the power requirements for reaching ignition. At the same frequency, a mixed 
proton minority/second-harmonic deuterium heating scheme can also be used 
if a small amount of hydrogen is added to the working gas. However, to ensure 
single-pass absorption for Ohmic plasma conditions, several per cent of hydrogen 
would be needed, and this is anticipated to effectively suppress deuterium heating 
also for temperatures around ignition (see Ref.[2]). Another point demanding 
attention is absorption by fusion a-particles, which may be appreciable and lead 
to non-central power deposition when ignition is approached [3]. The power 
required for reaching ignition is estimated to be 60 MW, including 10 MW for 
redundancy, without considering the beneficial effect of deuterium tail formation. 
Second-harmonic FM wave heating was performed in PLT [4] and JFT-2M [5]. 
In PLT, powers up to 3.2 MW were applied. The heating efficiency was about 
3 eV (kW)_1 (1019 m~3) and independent of power. An effective temperature, 
defined as 2/3 of the average ion energy, of 3.2 keV was reached on axis, and 
tail formation was observed (Fig.l). Critical points are the observation of 
enhanced impurity generation in all ion cyclotron heating experiments in 
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tokamaks as well as the impact of heating on confinement. In fact, in TFR [6] 
a saturation of electron heating was observed concomitant with an increase of 
low-frequency turbulence. On the other hand, in experiments on JFT-2M and 
PLT to date, such effects have not been identified. It must also be noted that 
the high power heating experiments in present-day small-to-medium size tokamaks 
work with an overall power density which is by a factor 3 or more higher than 
that anticipated for INTOR. 

Detailed models for FM wave heating are under development. This includes 
3-D models of wave coupling to the plasma, wave propagation and absorption. 
However, verification of these models remains difficult as long as there are no 
FM wave heating experiments in large tokamaks. First experiments of this kind 
will be done in JET during the coming years. 

Plug-in launcher concepts for FM waves are being developed. Both antenna 
arrays and waveguide systems are under consideration (Figs 2 and 3). To date, 
antenna loop-based launching systems are preferred since, within the current 
programmes, experience at high power levels will be forthcoming only for this 
type of launcher. The overall efficiency of an FM wave heating system for 
INTOR is estimated to be 50—60%. For launcher technology and components, 
the most critical items identified are the design and lifetime of the Faraday shield 
and the ceramic vacuum barriers. The antenna loop and the adjacent section of 
the co-axial line also require careful optimization. 

3. NON-INDUCTIVE CURRENT DRIVE 

For driving the current in INTOR non-inductively, LH waves are under 
consideration. High energy particle beams were also demonstrated to be able 
to drive currents, but the integration of such systems into a reactor appears difficult. 

The use of non-inductive current drive during plasma burn to provide for 
quasi-steady operation, although the most desirable scheme for a tokamak reactor, 
is anticipated to require very large power (more than 100 MW c.w. under INTOR 
conditions). The use of non-inductive current drive for this purpose is therefore 
considered unacceptable. However, non-inductive current ramp-up to save 
transformer volt-seconds for sustaining the current during extended burn pulses, 
and non-inductive current maintenance during intermittent phases of transformer 
recharging, both performed at comparatively low plasma density (<1019 m~3) 
and temperature (^1 keV), appear attractive. Preliminary estimates of the time 
needed for both current ramp-up and for recharging the transformer to supply 
50 to 100 V-s yield an order of 100 s. This imposes, and allows, burn pulses of 
about 1000 s during which the current is driven inductively (provided that the 
plasma resistivity in the thermonuclear regime is not appreciably anomalous), 
to provide a duty cycle approaching 90%. The power required is anticipated to 
be of the order of 10 MW, and a frequency of 2 GHz appears appropriate. 
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Experimentally, high plasma currents have been sustained by LH waves in 
various devices (Alcator C, ASDEX, JFT-2, JIPPT-II U, Petula, PLT, WT-2). 
The highest current (400 kA) was sustained in PLT at a density of a few times 
1018 m~3; somewhat lower currents were driven for several seconds. The current 
drive efficiency n(1020 m~3) R(m) I(MA)/P(MW) is typically around 0.1, but it 
depends on the experimental conditions (for example, in Petula, in the presence 
of a small residual electric field of about 0.1 V, it was found to be as high as 
0.3; see Ref.[7]). Current ramp-up experiments were done in JIPPTTI U [8], 
PLT [9] and WT-2. In PLT the maximum current generated was 250 kA, if 
current ramp-up was applied on a plasma generated inductively. Current 
maintenance during transformer recharging has not yet been performed in an 
experiment, but the physics of this scheme is expected to be similar to that of 
current ramp-up. 

Modelling current drive by LH waves is progressing, but further improve
ment and detailed comparison with experiments are necessary in order to reach 
a satisfactory description of all phenomena involved. 

For launching LH waves, concepts of waveguide grill arrays integrated into 
a plug-in module are being developed (see e.g. Fig.4). The overall efficiency of 
power generation and transmission for LH frequencies is estimated to approach 
50%. A critical issue is the avoidance of breakdown induced by the RF waves 
in the waveguides under reactor conditions; this requires an appropriate treatment 
of the waveguide surfaces. Furthermore, the launcher-plasma interface problems 
and some specific components (power dividers, windows) require attention. 

The present position with respect to the use of non-inductive current 
ramp-up and current maintenance during transformer recharging by LH waves 
in INTOR is as follows: the device should be prepared to operate in this way 
with extended burn pulses if this operation scenario turns out to be possible, but 
it should be designed so that it can reach its objectives also using inductive 
current drive with a burn pulse length of 200 s. It is, in fact, considered that 
extension of the burn pulse length to a time of the order of the global classical 
skin time without a means for continuous profile control would by itself result 
in a considerably increased physics risk, while the data base for non-inductive 
current ramp-up and current maintenance during transformer recharging is not 
yet complete enough for quantification of all constraints. In particular, the 
scenario could be jeopardized by the appearance of an anomalous resistivity 
under thermonuclear conditions and the generation of a countercurrent due to 
runaway electrons when applying LH current drive in the presence of an electric 
field opposite to the driven current. 

4. STARTUP ASSIST AND PROFILE CONTROL 

For startup assist, the reference choice for INTOR is the use of EC waves 
because of their proven effectiveness for plasma formation and preheating as 
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FIG. 5. Plug-in module for launching EC waves (waveguide approach). 

well as for profile control (in INTOR, to be applied during current rise). A 
frequency of 140 GHz and a power of about 10 MW for 3 s were specified. This 
limited power can be expected to become available in time for INTOR operation. 
The waves will have to be launched in the ordinary mode from the outboard side. 

Startup assist experiments with EC waves have been performed on various 
tokamaks (FT-1, ISX-B, JFT-2, JIPPT-II U, Tokapole II, Tosca, WT-1, WT-2); 
moreover, experiments on plasma formation and heating in stellarators (Cleo, 
JIPPT-II, Heliotron-E, W VII-A) contributed to the data base. While efficient 
plasma formation and preheating were generally observed, it is not definitely clear 
how much the inductive loop voltage can be reduced in the presence of EC 
startup assist (note that, in JET, quite low inductive loop voltages, corresponding 
typically to 1 V/m, are sufficient for current initiation). The possibility of 
controlling the temperature profile and, consequently, the current profile by 
localized EC wave absorption was demonstrated in all heating experiments 
performed (Cleo, Doublet III, PDX, T-10, Tosca) (see, for example, the papers 
contributed by these teams to Ref.[ 10]). On the other hand, there is practically 
no experimental data base for current drive by EC waves, which might be a 
more efficient way of controlling the current profile. 

While for EC heating and current drive reasonably detailed models have 
been developed, for EC startup assist only 0-D models are available; a thorough 
comparison with the experiments remains to be made. 

Concepts for plug-in launchers for EC waves using waveguide or quasi-
optical systems for power transmission are being developed (see e.g. Fig.5). 
The most critical component is the cooled ceramic vacuum window, but the 
provision of power sources of reasonable efficiency for the frequency range in 
question is also a demanding task. 



IAEA-CN-44/G-I-4 229 

The possibility of using LH waves for plasma formation and preheating as 
well as for current initiation was recently demonstrated on JIPPT-II U and PLT. 
In PLT, a current of 100 kA was reached in this way [9], and such a scheme 
could therefore prove feasible for INTOR. Its main attraction consists in the 
fact that it might then be possible to avoid the initial peak in the inductive loop 
voltage (35 V). Plasma formation appears to be less reproducible, and the data 
base in general is weaker than in the case of EC waves. Furthermore, the 
application of LH waves for profile control is uncertain and is likely to be a less 
flexible scheme. Therefore, an LH startup assist system is not at present 
included in the INTOR concept. 

5. CONCLUSIONS 

RF wave systems are included in the present INTOR concept for heating to 
ignition (FM wave at the second harmonic of the gyrofrequency of deuterium) 
and for startup assist as well as profile control (EC waves at the fundamental 
frequency). Current ramp-up and current maintenance during transformer 
recharging by LH waves are attractive and should be prepared for, but the INTOR 
design should not rely on them. As the data base develops, it will be desirable 
to reduce the number of auxiliary devices used for different functions to a 
minimum, possibly one. 
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DISCUSSION 

T. CONSOLI: With regard to the use of EC waves, in particular for localized 
discharge initiation along the circular magnetic axis, I think that longitudinal 
launching of circularly polarized waves should also be taken into consideration 
as a promising technique. 

F. ENGELMANN: Perpendicular injection of the ordinary mode is con
sidered because it is easier to integrate into the device and is also appropriate for 
local heating for purposes of profile control in the later stages of the discharge. 

T. CONSOLI: A possible solution to the problem associated with the micro
wave windows of the 140 GHz P R F > 200 kW continuous wave gyrotron would 
be to eliminate them. This would be subject to the gyrotron being isolated, if 
necessary, from the discharge by a fast valve triggered by the change in vacuum 
pressure in the guide connecting the gyrotron to the toroidal vessel. 

F. ENGELMANN: The reason for having windows in the waveguides of 
the plug-in launcher is that a vacuum and tritium barrier must be provided. I am 
not sure whether a solution without a window would adequately fulfil this 
requirement. 

M. PORKOLAB: Have you considered the possibility of using fast-wave 
current drive for INTOR? The efficiency of such a device might be quite high, 
say ~0.3-0.5 A/W. It would be interesting to know how this would influence 
the cost estimates for INTOR. 

F. ENGELMANN: We have been looking at this possibility but have not 
considered using it for INTOR because there are as yet no experimental data for 
such a scheme. 
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Abstract 

INTOR: TRANSIENT ELECTROMAGNETICS. 
Models with various levels of approximation have been used to gain insight into the 

interactions between machine components during startup, stabilization and disruption in order 
to develop design requirements and assess design concepts. Induced currents influence the 
penetration time of equilibrium magnetic fields and electric fields for startup. Penetration 
delay times have been shown to differ by as much as an order of magnitude for the equilibrium 
field and electric field, depending on design features. In some circumstances the vertical field 
during the initial stages of the startup poloidal field coil swing can be opposite to the direction 
which would occur if there were no eddy currents. Recent operating scenarios use separate 
control coils to provide active vertical stabilization of the plasma. A rapid vertical plasma 
displacement is initially restrained by fields due to the eddy currents induced in passive 
elements; then the set of active coils is excited. Stabilization criteria for the active and passive 
stabilization components have been derived based on simplified models. In general, it has been 
shown that: (1) active control coils are necessary; (2) passive element proximity to the plasma 
is required; (3) a fast feedback circuit is required for the active coils, which have a power 
requirement strongly dependent on location; and (4) toroidal continuity of the active or 
passive components is not necessary. The currents, loads and voltages associated with disrup
tion have been estimated. The distribution of the electromagnetic loads is strongly dependent 
on toroidal continuity and sector geometry and the loads are non-trivial but manageable. The 
voltage generated across sector gaps during disruption can be in the range of minimum voltages 
to initiate and sustain arcing, depending on sector geometry, resistance distribution and plasma 
current decay model. 

1. INTRODUCTION 

Transient electromagnetic effects impact tokamak design requirements for 
startup, plasma stabilization and the ability of the torus to withstand the forces 
and voltages induced during plasma disruption. The INTOR group has used 
analytical and computer models with various levels of approximation to gain 
insight into the interactions, develop design requirements and assess design 
concepts [1—9]. 

* Permanent address: Plasma Fusion Center, Massachusetts Institute of Technology, 
Cambridge, MA, USA. 

** The members of the INTOR Group are identified in Paper No. IAEA-CN-44/G-I-1. 
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( b ) 
Inboard Outboard 

FJG.l. Typical eddy current paths in torus segments. 

2. STARTUP 

The geometry, distribution of resistance and type of excitation of the eddy 
current paths have a major influence on the way a transient evolves. For example, 
Fig. 1(a) shows a section in the z=0 plane through two sectors containing high 
resistivity blanket/shield materials in thin wall cases. There is a resistance R 
between sectors which might constitute a bellows or a continuation of one of 



IAEA-CN-44/G-IM 233 

U¡ ,B ' loop' 

t v , t B (ms) 

300 t(ms) 10~4 o v 4X10"4 10"3 R(m) 

FIG.2. (a) Normalized plasma loop voltage and vertical field versus time for R=2X10-4 Í2 [9]. 
1, 3: azimuthally homogeneous blanket 
2, 4: azimuthally sectored blanket 
1,2: U\oop 

3,4: B' 
(b) Plasma loop voltage and vertical field delay times versus R [9]. 

the thin walls if it formed part of a vacuum boundary. A finite R allows toroidal 
continuity of the eddy currents along any of the paths shown. During startup, 
the OH flux is concentrated in the bore of the machine round the z-axis and 
carried round the torus by the OH component of the current in the ring coils. 
The flux change is shielded from the plasma primarily by currents along the 
paths abcde and fghij. As these decay, currents along the other paths including 
the plasma are excited. The shielding of the loop voltage does not depend strongly 
on whether R is between sectors or distributed in the walls. This is illustrated in 
Fig.2(a) [9] where curves 1 and 2 give the normalized plasma loop voltage for 
typical INTOR parameter levels for an azimuthally sectored blanket as in Fig. 1 (a) 
and for an azimuthally homogeneous blanket where paths like bd are extended 
to be toroidally continuous and contain the resistance R in a distributed fashion. 

The equilibrium field (EF) penetration, on the other hand, is strongly 
dependent on the toroidal distribution of R since the z-directed field can have 
its penetration aided by a pattern such as in Fig. 1(b) (currents round sector legs) 
or can be shielded from the plasma by induced current patterns such as shown 
in Fig. 1(c) (saddle currents across face of sector). If, for example, the path 
resistance on sector faces is low and R is concentrated between sectors as in 
Fig. 1(a), then patterns will develop as in Fig. 1(b) and (c) where the latter may 
have the longer effective time constant and dominate, as illustrated by curve 4 in 
Fig.2(a). If the resistance R is distributed in the walls, the patterns in Fig. 1(b) 
and (c) will decay faster and the EF will penetrate as illustrated by curve 3 in 
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Fig.2(a). For a given R, curves 3 and 4 represent the extrema for EF penetration. 
The times at which the EF penetrates for these cases, and the time to reach half 
the loop voltage, are given in Fig.2(b) [9] as a function of R. Note that tv is 
substantially different from tB and the latter is strongly dependent on the 
toroidal distribution of the resistance, whereas the former is not. Furthermore, 
Fig.2(b) implies that tg ax is eventually governed by the wall resistance as the R 
between sectors increases, whereas tv and t^m continue to decrease with R, if the 
latter is distributed in the walls. 

3. VERTICAL STABILIZATION 

Recent operating scenarios for INTOR have considered the use of separate 
control coils to provide active vertical stabilization of the plasma. A rapid vertical 
plasma displacement would be initially restrained by fields due to the eddy 
currents induced in passive elements; then the set of active coils would be 
excited to provide the required field. This would limit the response time for 
the power supply and affect the power required for the control coils. 

This approach to control of vertically unstable plasmas has been demonstrated 
experimentally, as exemplified by Fig.3 [4], which compares measured growth 
rates with predictions based on a linear model including motion of a rigid plasma. 
Data confirm that active feedback is necessary and that the passive stabilization 
characteristic ns must be sufficiently large relative to the field index n for the 
system to be stable (i.e. ns + n>0) . 

Complex codes with deformable plasmas and distributed currents are being 
developed. Comparisons with simple models based on rigid plasmas show that 
the lumped parameter inputs required for the latter must be chosen carefully 
to obtain agreement. However, the simple models allow considerable insight 
to be gained into the interaction. If, for example, the passive and active systems 
are modelled as a single circuit with windings distributed in any arbitrary arrange
ment, the governing equations can be reduced to a linear, coupled, first-order 
set. The eigenvalue formulation for this case then leads to a characteristic 
equation for (TTU) where y is the growth rate for the plasma vertical instability 
normalized to the unrestrained growth time constant r u . The positive real root 
of this equation (or the positive real part of a complex pair) is plotted in 
Fig.4 [7] for several values of the gain parameter and for a passive system 
characteristic of unity. TS is the time constant for the circuit and, since r u is 
typically « 10 - 6 s, the figure illustrates that a substantial reduction of the growth 
rate by passive means alone (D=0) requires r s ~ 10~3 s, which should be readily 
achievable. Furthermore, neglect of the plasma mass in this region introduces 
negligible error. However, without active feedback the system is still unstable 
(yTu > 0 ) on a slow time-scale and Fig.4 illustrates that the addition of feedback 
can cause the growth rate to cross the horizontal axis and become negative. 
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FIG.3. Experimental growth rate of vertical position compared with rigid plasma model, 
a is the ratio of the feedback loop gain to the passive stabilization characteristic ns. Filled 
circles are data for growth rate without feedback control; open circles are with feedback 
control, but at the stability limit [4]. 

If an active coil voltage control law of the form V + (tb + tc)V + tb t cV = 
- a 0 ( z + taz) is assumed, the single-circuit eigenvalue formulation using a massless 
plasma leads to the following conditions for stability: 

& 
> 1 + 

+ 

rb rc 
Tb+Tc 

( - n)^t ( - n)~# 
> ( l + r b + r c ) 

j&8 
> 1 

(1) 

(2) 

(3) 

where: 38 = B rIp/Bz ; ^ = M/L0 ; r a = ta /r0 ; L0 = ~1m\ Bz/Ip ; r b = tb / r0 ; 
J*= (ao To M)/(IpL0 R); r c = t c / r0 ; Br = radial field at r0 per unit current in 
a passive system; Ip = plasma current; n = field index; Bz = vertical field; 
r0 = plasma radius; and T0 is the ratio of M, the inductance of the single general 
circuit to its resistance R. The quantities J&, ra , r b and r c are related to the 
active characteristics, whereas ^ a n d - # are geometric or passive in nature. 



236 THOME 

<u 
D 

cc 
sz 
Is 
o 
I . 

CD 

•o 
0) 
N 
a 
£ 
v-
O 
2 

FIG,4. Normalized growth rate versus circuit time constant for a specified passive 
characteristic and several values of gain parameter [7]. 

Since the field index is negative, the condition (1) implies that the passive 
characteristic must exceed a threshold value for the system to be stable and that 
the requirement becomes more stringent when circuit lag and delay charac
teristics (which are inevitable) are present. Condition (3) shows that a totally 
passive system (i.e. J ^ = 0) cannot be stable and condition (2) shows that if à 
lead characteristic, ra , is present the requirements on the passive characteristics 
are less stringent although condition ( 1 ) must still be satisfied. 

For the special case where the single circuit consists of two series of opposing 
circular loops symmetrically located above and below the z = 0 plane, the general 
single-circuit criteria given by conditions (1) to (3) can be reduced in order to 
determine locations for which loops are effective. General contours corresponding 
to loop locations which are equally effective from the passive standpoint are 
given in Fig.5 [6]. INTOR boundaries are superimposed on this general plot, 
which then implies the most effective regions and the variation of effectiveness 
between points. A criterion such as (1) translates to a requirement for loop 
location on a contour which must exceed a lower limit. 

Models of INTOR with multiple passive and active control elements have 
been and are under study. In general, it has been shown that: (a) active control 
coils are necessary; (b) passive element proximity to the plasma is beneficial; 

Normal ized C i rcu i t Time Constant ( T S / T U ) 
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FIG.5. INTOR superimposed on a general plot of contours of equal effectiveness for 
passive stabilization loops [6]. 
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FIG. 6. Candidates for outboard passive element shell structure [5\ 

(c) a fast feedback circuit is required for the active coils which have a power 
requirement strongly dependent on location; and (d) toroidal continuity of the 
active or passive components is not essential for sectored or saddle-shaped geo
metries to be used effectively. The requirement for high conductivity passive 
elements in addition to the 'natural' metal machine components is design-specific. 
If required, they can take one of the saddle-shaped forms illustrated in Fig.6 [5] 
which could be located between the blanket and shield on the outboard side of 
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FIG. 7. (a) Finite element model of first wall module for disruption load evaluation [3]. 
(bj Deformed and undeformed shapes of the finite element structural model of the first 
wall (outboard) [3]. 

the machine. The third option may be shown to have the best passive characteristic 
of the three illustrated. 

4. DISRUPTION 

The rapid decay of magnetic flux associated with a plasma disruption induces 
currents in conducting bodies and voltages between those which are nearby. 
Recent design concepts use toroidal shells, shell segments or limiters near the 
plasma, which are divided into sectors for assembly and maintenance purposes 
or to reduce eddy current electromagnetic loads. The sectoring, however, results 
in gaps which must withstand the voltages during disruption without arcing. 

The minimum voltages across gaps to initiate discharge (25—50 V) and to 
sustain arcing (10—20 V) have been estimated on the basis of a preliminary 
survey of experimental data. Estimates for the voltage generated across sector 
gaps during disruption can also be in this range, depending on sector geometry, 
resistance distribution and plasma current decay model. The development of 
a specification for the voltage across gaps is necessary and will require model 
validation and experiments with realistic plasma conditions near a gap. 

Structural analyses have progressed to design concept evaluation using 
finite element models. For example, Fig.7(a) [3] shows a model of a first wall 
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module for disruption load evaluation. The deformed and undeformed shapes 
of the outboard section of this unit are shown in Fig.7(b) [3]. 

Toroidally and poloidally induced currents interact with the applied fields 
and their self-fields to produce overturning moments and components of force 
in various directions. Local loads can have components normal and tangential 
to surfaces. Results indicate that the distribution of these loads is strongly 
dependent on toroidal continuity and sector geometry and that the loads are 
non-trivial, but manageable. 

REFERENCES 

[1] INTERNATIONAL ATOMIC ENERGY AGENCY, International Tokamak Reactor, 
Phase Two A, Part I, IAEA, Vienna (1983), Chapter IX. 

[2] European Contribution to the 8th Workshop Meeting for INTOR Phase Two A, 
EURFUBRU/XII-EDVIO, Brussels/Vienna, Jan. 1984 (working paper). 

[3] European Contribution to the 9th Workshop Meeting for INTOR Phase Two A, 
EURFUBRU/XII-ED20, Brussels/Vienna, May 1984 (working paper). 

[4] Japanese Contribution to Critical Issues Group C, Transient Electromagnetics, INTOR 
Workshop Phase Two A, Part II, Jan. 1984 (working paper). 

[5] Japanese Contribution to Critical Issues Group C, Transient Electromagnetics, INTOR 
Workshop Phase Two A, Part II, May 1984 (working paper). 

[6] USA Contribution to Critical Issues Group C, Transient Electromagnetics, 
ETR-INTOR/TEM/4, INTOR Workshop Phase Two A, Part II, Jan. 1984 (working paper). 

[7] USA Contribution to Critical Issues Group C, Transient Electromagnetics, 
ETR-INTOR/TEM/6, INTOR Workshop Phase Two A, Part II, May 1984 (working 
paper). 

[8] USSR Contribution to Critical Issues Group C, Transient Electromagnetics, INTOR 
Workshop, Phase Two A, Part II, Leningrad, Jan. 1984 (working paper). 

[9] USSR Contribution to Critical Issues Group C, Transient Electromagnetics, INTOR 
Workshop, Phase Two A, Part II, Leningrad, May 1984 (working paper). 

DISCUSSION 

J.A. WESSON: With regard to the vertical instability, have you analysed the 
behaviour for the case in which the feedback system fails? 

R.J. THOME: It has not been analysed for this case, but safety and protec
tion issues have been considered in the past. To carry out a failure modes-and-
effects analysis it would be necessary first to specify the types of failure to be 
considered and the time in the operating cycle when they are assumed to occur. 

Y. HAMADA: What would be reasonable perturbations of the vertical posi
tions of the plasma for the purposes of your calculations of the power required 
for the feedback system? 

R.J. THOME: Our present calculations are based on initial conditions 
involving displacement of 0.01 cm and lead to peak power requirements in the 
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1-10 MV- A range for INTOR, depending on active coil location. Appropriate 
selection of the initial conditions or perturbations for use in the analysis is a topic 
of continuing interest. 

Y. H AM AD A: Are you getting any information about the amplitude of 
the perturbations from experiments now being done on D-III, JET or PBX? 

R.J. THOME: We hope to obtain information of that type in a survey and 
data base assessment currently under way. 
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Abstract 

INTOR: PHYSICS DATA BASE. 
Since INTOR Phase One, a large amount of experimental and theoretical work has been 

done to clarify the main plasma physics issues. Recent progress in theory and experiments 
on plasma stability and magnetic confinement properties, together with discussions on 
neutral-beam heating, plasma equilibrium and burn control, is summarized in this paper. 

1. INTRODUCTION 

During the last few years, rapid progress was demonstrated both in theory 
and experiments concerning tokamak plasmas [1—4]. Near-reactor-grade plasma 
parameters were reached separately on different devices. Specifically the following 
values were attained: an ion temperature of 7 keV on PLT, an electron tem
perature of 4 keV on PLT and T-10, a confinement parameter of n(0)TE 
« 1014 cm_3-s on Alcator-C and a D-D power of PDD = 400 W on PDX, which 
corresponds to Q*)T = 3% for the D-T reaction. Moreover, two members of 
the new family of the large tokamak devices, TFTR and JET, were put into 
operation and have demonstrated good plasma confinement for Ohmic heating. 

From a theoretical point of view, the progress can be expressed in terms 
of dimensionless parameters as reached in the experiments. Most important 
among them are the safety factor q, the collisionality parameter v*, the ratio of 
plasma pressure to magnetic pressure j3, and, finally, the so-called electron line 
density, ne = ira2 reñ, where a is the plasma minor radius, ñ the plasma density, 
and re the classical electron radius. All these parameters cover a wide range of 
their values. Specifically, low q-values, q ^ 1.3, were demonstrated on several 
small tokamaks; the so-called collisionless regime, 0.01 < y* < 1 , was produced; 
the highest beta value (4.6%) was attained in Doublet-Ill; and the poloidal 
beta achieved in Asdex is j3p = 0.65 A, where A = e"1 = R/a is the aspect ratio. 
These dimensionless parameters are almost suitable for an INTOR-like device. 
So far, the na2-value is, however, by an order of magnitude lower than what 

* Permanent address: I.V. Kurchatov Institute of Atomic Energy, Moscow, USSR. 

** The members of the INTOR Group are identified in Paper No. IAEA-CN-44/G-M. 
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FIG.l. Theoretical values (results of numerical calculations) of critical beta for ballooning 
modes (Sykes), for both ballooning and n = 1 modes (Troyon, et ah); the same for optimized 
profiles (Degtyarev et al). 

would be needed for INTOR. New, quantitative information, especially from 
the new large devices, is needed. The final configuration of the relevant 
reactor-grade plasma physics for INTOR needs will be specified by the 
experiments on the large tokamaks TFTR, JET, JT-60, T-15, and Tore Supra 
with QDT > 1 (or its equivalent, QpT > 1). 

2. STABILITY 

2.1. Beta limits 

The beta limits still belong to the critical issues of INTOR physics. The 
value of |3 = 5.6% as specified for INTOR is compatible with a first-wall 
neutron load of PN = 1.3 MW-m-2; it takes into account the a-particle pressure. 
Figure 1 shows the results of numerical calculations for the ideal-MHD limit, 
j8c. An approximate scaling for j3c is given by the simple relation j3c = CI/(aB), 
where I is the plasma current (MA), a the minor radius (m), and B the toroidal 
magnetic field (T). The coefficient C is a relatively slowly varying function 
of various parameters, in particular of elongation K and triangularity y. 
Different calculations give somewhat different values of C for INTOR-like 
equilibria (A = 4, K = 1.6, y = 0.3). In particular, Troyon et al. give C = 2.2%, 
Sykes had obtained C = 4.4% for the ballooning modes, and recent calculations 
by Degtyarev et al. for optimized equilibria, including both ballooning and the 
n = 1 free-boundary kink modes, lead to a stability limit between those found 
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by Sykes and Troyon. A typical value of the ideal-MHD /Himit in INTOR with 
q0 > 1 is estimated to be 4%. 

As a rule, the experimentally attained values of (3 appear to be consistent 
with the calculated ideal-MHD ]3-limits; in particular, the ballooning limit has 
not been exceeded significantly in experiments. Usually, the experimental beta 
limit is 'soft', with saturation of beta when the heating power increases. The 
highest beta value (4.6%) was attained in Doublet-HI. The highest poloidal 
beta achieved in devices with moderate A is the ASDEX value of j3p = 0.65 A. 
Thus, the reference value of beta for INTOR (5.6%) is not reached by the 
existing data. In this context, it should be mentioned that from operation at 
low q0, say q0

 = 0.5, as achieved in some small-size tokamaks, we may hope 
for increasing the beta limit. In any case, we cannot say that an INTOR beta 
value of 5.6% is out of reach. 

2.2. Density limit 

Experimentally, the density limit in tokamaks is seen as a major plasma 
disruption preceded by a growing, mainly m = 2, Mirnov activity. The density 
limit is usually expressed in terms of the Murakami scaling, nc = CBj/R-
C values of 1020 m " 2 T _ 1 were reported for PDX, ISXB, and D-III at low q. 
This is close to the INTOR value of C = 1.3 X l O ^ m ^ - T - 1 . 

There are several theoretical considerations which aim at explaining the 
critical density, none of which can, however, be considered to be the final one 
although the qualitative picture is, by now, more or less clear. Work in this 
field should be continued. 

2.3. Disruptions 

Disruptive phenomena in tokamaks are of a manifod nature, varying from 
mild changes of the plasma characteristics to abrupt plasma termination (major 
disruption). The consequences of plasma disruptions can have a serious impact 
on INTOR design. Major plasma disruptions limit the current and the density 
at which stable tokamak operation is possible. Abrupt termination of a tokamak 
discharge produces large electromagnetic and thermal loads on the device. 

A major plasma disruption is described theoretically as a non-linear mixture 
of helical modes which build up and cool the plasma because of enhanced 
thermoconductivity. The initial phase of the disruption process is satisfactorily 
described as the self-generation of a single-helicity mode, say the m = 2, n = 1 
tearing mode. Its interaction with some other modes, such as m = 3, n = 2, 
triggers the disruption. 

Usually, the thermal quench times are much shorter than the current quench 
times. Preliminary data from TFTR indicate thermal quench times in the range 
of 1 to 3 ms. A current quench time ranging up to 15 ms for a current of 1.5 MA, 
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which corresponds to a rate of current decay of 0.1 MA-ms-1, has been observed. 
A preliminary analysis of current quench in JET shows that the current decay 
time is about 30 ms for currents above 1.5 MA. 

Accurate control of plasma current and density profiles can help to diminish 
the probability of a disruption. To do this, the following methods could, in 
principle, be considered: 

Local ECR heating 
Controlled cooling by gas and pellet injection 
Introduction of stationary helical perturbations 
Introduction of feedback fast-varying helical magnetic fields. 

3. CONFINEMENT 

3.1. Energy confinement 

For many years, energy confinement scaling has been the main critical issue 
in tokamak-reactor physics. Fortunately, step by step the situation with the 
energy confinement is becoming clearer. Specifically, we understand the scaling 
of energy confinement in Ohmically heated plasmas rather well, by now. The 
ion heat transport is very close to neoclassical transport if we allow for the 
recent development of neoclassical theory. The more important electron heat 
transport is, however, much higher than its neoclassical value, but there are 
quite good empirical data which allow an empirical scaling to be found. It is 
described fairly well by the Merezhkin-Mukhovatov scaling which was originally 
found on the T-II tokamak or, similarly, the so-called neo-Alcator scaling. 

These scalings look as follows: 

_ a , . . . , i /2 
Neo-Alcator: T E <* ne — RJ q1/2(m i/me) 

R 

T-II: TEccñe(^y R ^ T ^ ^ r n i / m e ) 1 ' 2 

Figure 2 shows a comparison of these scalings with many experimental data 
from different devices, including the largest, TFTR and JET. 

The Merezhkin-Mukhovatov scaling, both for TE and local electron thermo-
conductivity, in theoretically explained as due to microturbulence which leads 
to magnetic-field-line braiding and enhanced electron thermoconductivity. 

As to auxiliary-heated plasmas, the experimental data are not so well 
converging. There are two regimes of confinement: H-high and L-low. 
The H-regime has a confinement potential that is similar to the Ohmic-heating 



IAEA-CN-44/G-II-2 

OHMIC-HEATING TOKAMAK DATA 

(£<1) 

1000 

t f P 100 
(ms) 

10 

1 

Ô JET ' 
A TFTR 
• T-10 
+ ALCATOR C 
• T- l l 

S 

y 

10 100 
TC (ms) 

1000 

(T-11 Scaling) 

FIG.2. Comparison of Merezhkin-Mukhovatov scaling with the experimental data for T£. 

regime with an additional dependence upon j3, especially near the beta limit. 
The L-regime has a two times poorer confinement so that there is, evidently, a 
deterioration of confinement, as compared to Ohmic heating. The confinement 
time decreases with the input power, increases with the current and is weakly 
dependent on the density. This behaviour of electron transport can be 
considered to be enhanced, as compared with Ohmic heating, with the enhance
ment factor being dependent upon j3p. There is a point of view (Goldston) that 
this factor may be proportional to the product j3p Ile ~ j3p ña2. This conclusion 
cannot, however, be considered to be definite on the basis of the present 
experimental data. 

In conclusion, although much new information on tokamak energy confine
ment has emerged in the last four years, we are still not quite sure about the 
INTOR energy confinement time. Using the H-regime estimate yields TE ** 1.5 s, 
but we cannot exclude a large spread of values (ranging, at present, from below 
1 s to above 4 s). JET, TFTR, JT-60, and T-15 will provide new information 
on confinement and help develop the quantitative theory of plasma transport 
phenomena. 

3.2. Particle confinement 

As compared to energy confinement, particle confinement in tokamaks is 
less well documented so that only very crude conclusions can be drawn. 
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Particle confinement in tokamaks is similar to electron energy confinement. 
The particle bulk confinement time is usually three to five times longer than 
the energy confinement time. 

3.3. Momentum confinement and rotation 

The momentum confinement time in beam-heated tokamaks (ISX-B, PLT, 
PDX, etc.) is much shorter than that predicted by neoclassical theory. There 
are indications that the momentum confinement time is similar in trends and 
magnitude to the energy confinement time. 

4. NEUTRAL-BEAM HEATING AND CURRENT DRIVE 

Neutral-beam injection continues to be a promising backup option for 
plasma heating in future large tokamaks. It should be one of the main heating 
schemes for the machines under operation at present as well as for the new 
generation of tokamaks (TFTR, JET, JT-60, T-l 5). The physics of NBI heating 
is believed to be rather well understood, at least at moderate power and 
plasma density. 

Current drive by NBI was demonstrated on DITE and T-II. Both machines 
were operating with about 1 MW of neutral-beam power and have shown 
similar current drive efficiency (0.03—0.04 A-W_1). There is no experiment yet 
in which the full plasma current was driven by neutral beams. For current 
drive by neutral beams in INTOR-like devices, during the burn phase, about 
100 MW at 1 MeV would be required. 

5. EQUILIBRIUM CONTROL 

Plasma position and shape control do not seem to be subject of major plasma 
physics uncertainties. To diminish the response time with respect to vertical and 
horizontal displacements, fast-active-control coils may be needed. 

6. BURN CONTROL 

There are several mechanisms for controlling the plasma burn temperature: 
toroidal field ripple, beta limits, compression-decompression, high-Q operation, 
and fuelling. However, the optimum method of burn control is not yet clear. 
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7. CONCLUSIONS 

A lot of new information on tokamak plasma physics has been collected 
during the last few years, which enhances the safety of the INTOR concept 
and shows that the reference set of INTOR parameters is close to the optimum one. 
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DISCUSSION 

B. COPPI: There is the possibility that when a-particle heating becomes 
important, the central part of the plasma column will become subject to large 
sawtooth-like oscillations (a scenario similar to that seen in the PLT experiments 
reported at this Conference). These may make it impossible to achieve ignition 
or may extend considerably the time needed to achieve it. 

B.B. KADOMTSEV: The burn control should be adjusted so as to deal with 
this possible mode of non-stationary burn. 

A. KITSUNEZAKI: I would just like to give you a new value for your data 
base. A recent result from Doublet III (on which I reported in paper No. 
IAEA-CN-44/A-I-4), namely a neutron yield of about 1 X 1015 n/s with a 
deuterium beam in a deuterium plasma, corresponds to a D-D power of about 
600 W and to an equivalent QjU of more than 5%. 
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Abstract 

INTOR: ENGINEERING AND NUCLEAR ASPECTS. 
To start with, the paper describes the maintenance philosophy established for INTOR, 

which has a significant impact on the machine design. Then, the mechanical configuration 
concept and the design of the first wall and the breeding blanket are briefly described. The 
second half of the paper discusses some of the relevant critical technical issues, such as 
personnel access versus fully remote operation for maintenance work, tritium breeding blanket, 
and tritium permeation and inventory in the first wall, limiter and divertor. 

1. INTRODUCTION 

At the present INTOR Workshop, certain critical technical issues relevant 
to engineering and nuclear aspects are being investigated. Below, the principal 
features of engineering and nuclear design are briefly described, and some of the 
related technical issues are discussed. 

2. MAINTAINABILITY 

Activation of components by fusion neutrons, the presence of tritium and 
the complex electromagnetic features of the tokamak device may seriously delay 
maintenance and repair operations. Maintenance considerations were therefore 
established at the outset of the INTOR design studies, being fundamental in the 
development of the design configuration as given below [1, 2]: 

( 1 ) The tokamak will be designed so as to be maintained and repaired by making 
use of the existing remote-maintenance technology. 

(2) Certain systems such as toroidal-field (TF) and poloidal-field (PF) coils must 
be designed and developed with very high reliability so that no failure should 
be expected within the lifetime of the device. 

* Permanent address: Japan Atomic Energy Research Institute, Fusion Research Center, 
Naka-machi, Naka-gun, Ibaraki-ken, Japan. 

** The members of the INTOR Group are identified in Paper No. IAEA-CN-44/G-I-1. 
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(3) 'Hands-on' maintenance will be conducted for normal operation when the 
torus internals are not removed. 2.5 mrem-h-1 will be specified as the 
maximum dose rate at the outside of the torus after 24 h of shutdown. 

(4) All systems will be designed for fully remote maintenance to cover cases of 
emergency. 

Implementation of this philosophy has led to a modularized design concept, and 
designing to achieve the required access has had a significant impact on the design 
of the tokamak systems. 

3. MECHANICAL CONFIGURATION 

A maintenance and assembly /disassembly concept was evolved to meet these 
requirements in the simplest way. This concept, developed during Phase One, 
involved the use of oversized TF coils in order to accommodate relatively straight
forward assembly /disassembly procedures, in which the number of torus sectors (12) 
was equal to the number of TF coils [2]. The 12 TF coils had sufficient outside 
dimensions so that a torus sector, including 1/12 of the total first wall and blanket, 
could be withdrawn by a simple radial straight-line motion between the outer legs 
of the coils, leaving in place only a small shield post (see Fig. 1). 

A significant improvement in reducing the size of the TF coils has been made 
in the recent design study [3]. The present TF coils have a bore size of 
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6.6 m X 9.3 m, which is about the lower limit at which the 12 sectors can be 
removed. Any further reduction in the coil bore or increase in the case thickness 
or structure would require the adoption of a 24-sector concept, which requires 
translational motion for removal. Both the 12- and the 24-sector concepts are 
being investigated. 

To simplify maintenance and assembly/disassembly, all the PF coils have been 
placed outside the bore of the TF coils. All the PF coils have been located above 
and below the TF coil opening where the torus sectors are removed. 

The torus system, consisting of first wall, blanket, shield and impurity control 
modules, consists of two major parts: a semi-permanent shield and removable 
sectors. The components exposed to the most severe damage from particle and 
heat loads, such as limiter or divertor, have been modularized for replacement, 
independently of the rest of the torus. The components subjected to less severe 
damage from particle and heat loads, such as first wall and blanket regions, have 
been combined into sectors which can be removed separately from the torus. 

The vacuum boundary between the superconducting magnet system cryostat 
and the torus vacuum chamber is formed by a wall common to both systems. The 
region outside the common wall forms a vacuum cryostat region which contains 
all the superconducting TF and PF coils, except the lower outboard PF coil, which 
is contained in a separate cryostat. The final closure of the plasma vacuum 
boundary occurs at the interface between the outboard surface of the torus sector 
module and the vacuum structure which encloses the TF coil outer leg, i.e. at the 
outer interface of each removable torus sector and the semi-permanent shield. 

4. FIRST WALL AND BLANKET DESIGN 

A conceptual design of a first-wall system that will survive the total reactor 
life has been developed [3]. The reference concept for all first-wall regions is 
water-cooled type 316 stainless steel. The allowable thickness is set by temperature, 
stress and fatigue criteria; for the reference operating conditions, the thickness is 
<14 mm. The sputtering erosion rates are based on calculations using an effective 
sputtering yield of 0.017 atoms per particle at 200 eV for 50%D-50%T charge-
exchange flux incident on stainless steel. The evenly distributed charge-exchange 
power of 4 MW results in a loss of 8.7 mm over the lifetime of the reactor. For 
the disruption conditions postulated, the combined vaporization melt layer thick
ness lies between 7 and 24 /¿m per disruption, and the melt layer has been predicted 
to be stable. However, if the melt layer is lost, the first wall cannot last the whole 
lifetime of the reactor. The major uncertainties in the lifetime of the first wall lie 
in the disruption characteristics and the melt layer stability (see Fig. 2). 

The incorporation of a tritium-breeding blanket in the INTOR design is based 
on both economic and tritium availability considerations. The cost of the tritium 
needed for INTOR is estimated to be rather high; its availability from existing 
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FIG.2. Vaporized thickness and melt layer thickness of stainless steel. 

sources is questionable. From the engineering point of view, it is wise that the 
tritium breeding blanket should be limited to the outboard and upper regions of 
the reactor. A minimum overall breeding ratio of 0.6 was recommended as the 
criterion for the blanket. Thus, it is not essential that the blanket design, materials, 
and operating parameters are reactor-relevant. Solid and liquid breeding materials 
have been evaluated for the blanket. The reference blanket concepts are based 
on Li20 (see Fig. 3). Alternative concepts using Li2Si03 and Li17Pb83 are also 
being developed. 

Adequate shielding is available for component protection and also to allow 
personnel access 24 hours after shutdown. Because of space limitations on the 
inner side of the torus, the inboard shield was carefully optimized to be 0.85 m 
thick and consists of stainless steel, borated steel and water. The outboard shield 
was designed for personnel access after shutdown. The reference design calls for 
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FIG. 3. Reference blanket design. 

105 cm shield thickness behind a 50 cm tritium breeding blanket to reduce the 
dose rate to 2.5 mrem-h-1 outside the bulk shield within 24 hours after shutdown. 

5. SOME TECHNICAL CRITICAL ISSUES 

5.1. Maintainability 

It has been recognized that the emphasis upon maintainability is one of the 
major factors in determining the mechanical configuration. The requirement of a 
relatively simple torus and divertor assembly/disassembly procedure led to some
what larger TF coils than were required to meet the ripple criteria. The requirement 
of personnel access for maintenance led to considerably stronger outboard shielding 
than would be necessary for component protection. 

At the present INTOR Workshop, two design concepts are being compared: 
one where personnel access is usually allowed for maintenance 24 hours after shut
down, and another one where personnel access is forbidden, demanding fully 
remote operations for all maintenance activities. A preliminary conclusion drawn 
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from this study indicates that a minimum outboard shield design does not necessarily 
improve the all-remote design. Specifically, the comparison has revealed the 
following features: 

( 1 ) The maintenance times required for replacing typical torus components such 
as divertor and blanket sectors are very similar in both cases. 

(2) The reduction of the outboard shield thickness in an all-remote design will 
result in an increase of the total neutron heating to TF coils by a factor of 
two to three. 

(3) The thickness of the reactor building must be increased by about 1.0 m. 
(4) Activation in the outboard region of the TF coils and in the reactor room 

is increased by four orders of magnitude by the reduction of the outboard 
shield thickness. 

(5) The elimination of the outboard shield permits the size of TF and PF coils 
to be reduced. However, the reduction in TF coil size causes problems, 
such as an increase in the value of the magnetic field ripple and difficult 
withdrawal of torus components by simple straight-line motion. 

(6) There is little difference in the overall cost of the machines. 

Thus, the resulting benefit from changing the present INTOR reference 
maintenance concept to an all-remote maintenance concept will be insignificant. 
On the other hand, in view of the rapidly progressing technology in robotics and 
in remote handing, an effort should be made to utilize this technology in INTOR 
as much as possible, so that both the radiation hazard and the necessary maintenance 
times can be reduced. 

5.2. Tritium breeding, recovery and permeation 

The major question regarding solid breeder materials is tritium recovery. 
The greatest uncertainty are the possible effects of irradiation on the tritium 
release mechanisms. The recommended temperature range for tritium recovery 
from Li20 is 400 to 650°C. The total blanket tritium inventory for the reference 
concept was estimated at as much as 300 g, based on data for unirradiated material. 
Theoretical estimates have shown that irradiation effects could increase this inven
tory to about 1.0 kg. Thus, a range of 0.5-1.0 kg is specified for the breeding 
blanket tritium inventory [3]. 

Other materials, such as Li2Si03, LiA102, Li and Li17Pb83, are also considered 
to be candidate materials for the breeding blanket. Lead and beryllium have been 
investigated as neutron multipliers. Combinations of the breeding materials, 
neutron multipliers and coolants to be used give a variety of design options for the 
breeding blanket. Further examination of such options is expected in the near 
future. 

Investigation of tritium permeation and inventory in the first wall, limiter 
and divertor indicated large uncertainties in a number of areas [3]. For all plasma 
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FIG.4. Calculated tritium permeation rate and inventory for a stainless-steel first wall. 

boundary materials, the characterization of the surface conditions in the actual 
reactor environment and of the effects of neutron damage trapping results in a 
large uncertainty in both tritium permeation and inventory. The best present 
estimate for the steady-state tritium permeation rate to the coolant is in the range 
of 102—104 Ci-d-1 (see an estimate in Fig.4). Tritium permeation is probably 
not a feasibility issue for INTOR, and a substantial improvement should be made 
in the data base for tritium permeation. 

Several methods of separating tritium from the coolant are available. The 
capital and operating costs are strongly dependent on the process flow rate, which 
is proportional to the permeation rate and varies inversely with the allowable 
tritium concentration in the coolant loop. For a permeation rate of 103 Ci-d"1 

and a coolant concentration of 0.1 Ci-L-1, the volume of coolant water processed 
would be 10 000 L-d"1. 

A clear goal for the first-wall, limiter, and divertor designs and the R and D 
programmes is to ensure that the tritium permeation rate is less than 10 Ci-d"1. 
The time to reach steady-state levels for the tritium permeation rates and inventory 
can be long, depending on the neutron damage trapping. The estimated end-of-
life tritium inventory in the first wall, limiter and divertor is in the range of 0.1 
to 1.0 kg. Further effort should address the concerns associated with significant 
build-up of the tritium inventory in the in-vessel components. 

6. CONCLUDING REMARKS 

Through the previous INTOR Workshop, a tokamak design concept of the 
engineering and nuclear aspects has been defined, which could be developed into 
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a workable design for a reactor. A number of issues, including those described 
above, remain to be resolved in the next several years by further design study 
and research and development programmes. 
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Abstract 

INTOR: EVOLUTION OF THE CONCEPT. 
During the course of the INTOR Workshop the INTOR concept has undergone considerable 

evolution. Determined by the INTOR aims to demonstrate reactor-like physics and to serve as 
a test bed for the development of DEMO technology predictability of performance was the 
prime criterion for each component. With few exceptions very conservative assumptions have 
thus been made for the very first INTOR concept. This concept was found workable but also 
susceptible to potential improvements upon deeper studies on details. The existence of 
such an integral INTOR concept provided rather realistic knowledge on the boundary con
ditions and operating conditions of each component and thus allowed relevant work on 
critical issues leading to concept improvements in turn. This iteration process is still running 
and will still be useful for some time. 

In 1979 the INTOR activity was started. Phase Zero, the Data 
Base Assessment /l/, provided three elements: (i) a comprehensive 
assessment of the state of the art of Tokamak fusion physics and 
technology, (ii) a comprehensive list of further data needed 
before the design of a DEMO could reasonably be started, and 
(iii) the conclusion that a further step between the present 
generation of fusion devices (TFTR, JET, JT-60, T-15) and DEMO is 
indispensable but might turn out to be sufficient at the same 
time. INTOR is conceived to be this single step. Under these 
circumstances it has to produce all the missing results needed 
for the construction of DEMO which cannot be obtained from other 
programme parts running in parallel. Thus, in short, INTOR 

- during its initial stage of operation has to demonstrate the 
basic DEMO plasma physics and some intrinsic DEMO technology 
(e.g. super-conducting magnets, remote handling technology) 

- during its later stages of operation to be available as a test 
bed for the development of DEMO technologies 

* Max-Planck-Institut fur Plasmaphysik, Euratom-Association, D-8046 Garching, 
Federal Republic of Germany. 

** The members of the INTOR Group are identified in Paper No. IAEA-CN-44/G-I-1. 
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TABLE I. INTOR MAJOR PARAMETERS 

Phase Zero Phase One Phase Two A, 
suggested Part 1 
parameters 

Major radius, R (m) 

Plasma radius, a (m) 

Elongation, k 

Burn time (s) 

Duty cycle (%) 

Average beta, <)3> (%)a 

Plasma current, I(MA) 

D,T-density, <n¡> (m - 3 ) 

Ion temperature, <T¡> (keV) 

Toroidal field, B t(T) 

Plasma heating (MW) 

DT thermal power, P(th) (MW) 

Fluencegoal (MW-a-m - 2) 

Neutron wall load, P n (MWm~ 2 ) 

5.2 

1.3 

1.6 

100 

70 

5(6) 

6.4 

1.3 X 1020 

10 

5.5 

75 N.I. 

620(750) 

4.2(7.3) 

1.3(1.6) 

5.2 

1.2 

1.6 

100/200b 

70/80b 

5.6 

6.4 

1.4 X 1020 

10 

5.5 

75 N.I. 

620 

6.6 

1.3 

5.2 

1.2 

1.6 

100/200b 

70/80b 

5.6 

6.4 

1.4 X 1020 

10 

5.5 

50 ICRF 

620 

6.6-+3 

1.3 

Value in brackets suggested for stage IH-A operation. Other parameters of column have to 
be changed accordingly but only some of them are indicated. 

Early/later stages of operation. 

to demonstrate safe and reliable operation of a fusion 
reactor. 

To satisfy these programmatic objectives a reasonable 
neutron flux at the chamber wall (1.3 MW/m2) and a sufficiently 
large neutron fluence (î  6 MWa/m2 within about 10 years) was 
assumed necessary. 

Towards the end of Phase Zero a very first set of INTOR 
parameters were produced which were considered to offer a good 
chance to establish plasma conditions commensurate with the above 
requirements (see Table I, first column). 

With the INTOR objectives in mind and starting from design 
studies previously performed by the INTOR partners the first 
INTOR concept was developed (see Table I, second column). It is 
described in the INTOR Phase I report /2/. Predictability of 
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FIG.l. Elevation view of the INTOR Phase One configuration. Note the large components 
for neutral-particle injection heating. 

performance of the basic machine has been the highest priority 
for selecting parameters and concepts rather than elegance and 
mere cost-saving. Because it was clear to the INTOR participants 
that for such a large step into the future an accumulation of 
even small uncertainties in all the sub-fields requiring 
extrapolations could easily lead to an integral risk level no 
longer tolerable. It was very satisfying, therefore, that for all 
problem areas promising solutions could be found. Certainly, 
almost all of them are still needing substantial R and D for 
their final acceptance, but at the same time for all the 
corresponding R and D programmes there was found a high enough 
probability to yield satisfactory results after some years of 
work, once started. Illustrative examples are: 

- High energy neutral particle injection was selected for plasma 
heating to ignition because this method possessed the most 
developed data base among the available heating methods. This 
choice was made inspite of several draw-backs connected with 
this method: (i) It leads to large additional volumes exposed 
to neutron irradiation coming from the plasma (see fig. 1). 
(ii) The large particle source connected with neutral particle 
injection made it just possible with D-injection into a 
T-plasma to arrive at the 50 to 50 % fuel mixture when 
reaching the conditions of ignition, (iii) Also the dependence 
of the power deposition profile on particle density, and the 
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FIG.2. Torus modularization and segmentation for easy maintenance. 

wall bombardment by high energy particles during initial and 
later phases of heating were tolerated for the benefit of 
better predictability of performance of this method. 

A burn time of 100 - 200 s was chosen in order to keep it 
short compared to the skin time. This measure was intended to 
establish an OH current profile optimal for plasma stability 
during earlier phases of the discharge and to help to maintain 
it through the full burn pulse. Modifications of the current 
profile late in the burn pulse would have required excessive 
heating power, and relying on an self-adjustment were hoping 
too much. 

A divertor is given preference above a limiter. Not that a 
limiter had no chance to be compatible with the required 
operating conditions; it was the clearer separation of the 
various zones of activity, and the relative easiness with 
which the divertor can react to fluctuations of plasma 
position and condition which led to its preference. 

As many segments of the blanket and first wall components as 
coils were foreseen in order to ease the maintenance problems 
by only needing single straight motions for the removal of 
interior parts (see fig. 2) in spite of the rather large coil 
bores required by this concept. 

Not allowing poloidal field coils to be positioned internal to 
toroidal field coils because otherwise the maintenance process 
would be much more complicated and thus considered too risky. 
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This gain in reliability was felt by far not to be compensated 
by the increase by an order of magnitude of the poloidal field 
currents, by the connected power requirements, and by the 
additional structural material required to balance the huge 
overturning moments. 

For one key parameter, however, the INTOR assumptions were 
rather optimistic: The assumed plasma beta of 5.6 % is above the 
present theoretical predictions. Measures for improving the 
conditions are under discussion but not proven yet, and some of 
them are not easy to be incorporated into the INTOR concept. If, 
on the other hand, the achievable beta were indeed significantly 
lower than the assumed 5.6 %, the linear dimensions and thus the 
cost of INTOR would have to be increased considerably. In this 
case the usefulnees of the chosen confinement concept could 
easily become questionable, so that simply accepting a much 
smaller beta value would not be a way out. In such a situation 
the fusion programme will undertake all possible efforts to push 
the beta values up, and one will have to wait for the results of 
these programmes. The assumption of a beta value of about 5.6 % 
is a consequence of these considerations. 

For all the other points it is clear that giving the highest 
priority to predictability of performance will lead to a concept 
more conservative and thus more costly than perhaps necessary. 
But, nonetheless, this approach simultaneously yields 
considerable advantages: Firstly, it resulted in a concept which 
could be considered workable (see fig. 1) inspite of the rather 
large but well defined R and D activity still needed to establish 
the full data base, and^secondly, even more important, such a 
concept, once available, yields very realistic boundary 
conditions and operating requirements for all the individual 
components so that optimization procedures for all of them could 
be initiated in parallel. 

This procedure has enabled studies on critical issues to be 
started with the beginning of Phase II of the INTOR Workshop. The 
results obtained so far were dealt with by the previous papers 
(G-I-l to G-II-3). They concern a reduction of the thermal wall 
load, the introduction of ICRF as the main heating method, more 
elaborate maintenance systems etc.. They thus led to improvements 
of various parts of the INTOR concept and to a more compact 
device in general (see Table I, third column). This result is 
easily visible from a comparison of figs 1 and 3. Further 
essential improvements are expected when continuing the work on 
Critical Issues and including a number of new topics. 

Simultaneously and with the same intention a re-discussion 
was started on the most demanding technical objectives of INTOR. 
Among those the neutron fluence requirement is the most prominent 
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one. During the early phases of the INTOR Workshop 6 MWa/m2 were 
considered necessary for acquiring sufficient information from 
component testing so that extrapolation to DEMO becomes possible. 
An intensive interaction with materials scientists was started 
which has yielded the information listed in Table II. These 
results allowed the minimum necessary neutron fluence to be reduced 
from 6 to 3 MWa/m^ without significant loss of information, 
provided that St.St. remains the main candidate structural 
material, that simulation methods are used in parallel for high 
fluence testing, and that the INTOR results are used for 
calibration of these simulation methods. INTOR should safely 
reach such fluences within a time-span of about 10 years. 

This reduction in neutron fluence allowed reduction in the 
availability goal to 25 % which is much easier to accept as a 
target value. Perhaps, it is even more important that by the same 
token also the annual tritium consumption will be reduced from 
13.8 to 6.9 kg, which led to a re-opening of the discussion on 
the tritium supply reducing breeding blanket of INTOR. The very 
first concept of INTOR did not contain such a blanket because the 
technology needed was considered to be on a much too low state of 
development. It was the large amount of tritium consumption which 
led the IFRC to request the INTOR team to investigate whether at 
least part of the tritium could be bred by INTOR itself without 



IAEA-CN-44/G-II-4 263 

TABLE IL CHANGES IN STAINLESS STEEL WITH NEUTRON FLUENCE 

Maximum test fluence Benefit of testing 

0— 1 MW- a- m - 2 Little useful information above existing knowledge 

1 —3 MW- a- m -2 Confirmation of low-fluence effects predicted with other 
sources (e.g. on tensile properties) 

3—6 MW-a-m~2 Model verification from observation of microstructure preceding 
long-term changes in behaviour 

Above 6 MW- a- m - 2 Confirmation of performance near end of life 
(e.g. high swelling) 

seriously affecting the reliable operation of the basic machine. 
This request could be met (for about 65 % of the consumption) by 
allowing the introduction of some methods not readily applicable 
to a DEMO-relevant blancket but it cannot be denied that the 
introduction of such a blanket adds to the complication of the 
machine. In order to avoid misunderstandings it should be kept in 
mind that it remains one of the major tasks of INTOR to allow test
ing DEMO-relevant blanket modules but in contrast to the above 
supply reducing blankets these test modules will be introduced 
only into the test sections of INTOR. These sections cover only a 
very small fraction of the surface of INTOR and the moduls can 
easily be removed if they fail. 

From the technical point of view it would be very desirable 
to use the lower annual tritium consumption now considered to 
drop again the request of partial tritium breeding and to go back 
to the early IFRC statement that the necessary amounts of tritium 
can be obtained from national resources. In this case one only 
would need a shield in the basic machine and could consider to 
remove again those components (tritium supply reducing breeding 
blanket) requiring the most advanced technology already for the 
basic machine. A gain in predictability of operation would 
certainly be the consequence of such a measure. On the other 
hand, the less demanding availability goal resulting from the 
reduced fluence value could also be used in the opposite sense, 
namely to breed an even higher fraction of the tritium needed by 
INTOR. But such an intention had to be seen in connection with 
the several kg of tritium needed for start-up of INTOR, which 
has to come from external sources in any case. Which of these 
options will finally be followed has not been decided as yet. 

Recently, questions came up whether the physics data base 
for INTOR would develop fast enough, and what device would be 
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JET INTOR 

FIG.4. In-scale comparison of JET and INTOR. Note the similar shapes of the plasma 
cross-sections, and the difference in aspect ratios. 

necessary if the predictability of physics performance were 
considered too low. Very probably, such a dramatic question is 
unique to the physics data base and would probably not come up in 
the field of INTOR technology because most of the non-physics 
uncertainties would affect only the degree of performance. 

In order to assess the most probable evolution of the 
physics data base one has to consider the devices available to 
the world fusion programmes. There are the four large Tokamaks 
TFTR, JET, JT-60 and T-15, and the other toroidal machines 
concentrated on special issues. Even DT-operation is foreseen 
with TFTR and JET so that results are expected also for plasmas 
with significant alpha particle production. In addition the 
plasma cross-section of JET is very similar to that of INTOR (see 
fig. 4) so that the extrapolation to INTOR should only be limited 
by the differences in aspect ratio and magnetic field strength. 

Therefore, if even after a few years of operation of all 
these devices the additional data base developed by them would 
not allow with sufficient confidence the predictions on 
INTOR performance, one would be forced to reduce any extra
polation to a bare minimum. Such a conclusion would then define 
the tasks for a physics machine. 

Such a machine has to run at the same global parameters as 
INTOR including plasma size and parameters, magnetic field, 
plasma current, aspect ratio and duty cycle, and has to produce a 
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FIG.5. Accumulation oflNTOR operating cost. For three different machines designed for 
0.2, 2 and 6.6 MW-a- m~2 and staged operation as indicated in the insert. The intersection 
with the ordinate at T= 0 gives the direct capital cost of these devices. 

sufficient number of controlled burn pulses of full power and 
full duration or even longer. This number has to be large enough 
so that also the statistics on occurrence and behaviour of dis
ruptions can be verified under realistic conditions. Thus there 
would be a need for about 10.000 DT-discharges at full perform
ance or, equivalently, for a neutron fluence of 0.1 to 
0.2 MWa/m2. 

Such a device was included as one of the study points of the 
Cost-Risk-Benefit Analysis done earlier by the INTOR team. This 
study point is using superconducting coils for the magnetic field 
circuits because otherwise the superconducting coil development 
would be shifted too far into the future. On the other hand, it 
was clear that some capital cost could be saved by the use of 
conventional Cu-coils. But the main contribution to the savings 
would have arisen from the smaller aspect ratio possible with 
Cu-coils which, however, were violating the above requirement of 
an aspect ratio equal to that of INTOR. This made the decision to 
use superconducting coils even easier, because the main part of 
the potential savings could not be used. 

In fig. 5 a comparison is made of rough estimates of the 
direct capital cost and the operating cost of such a device and 
of devices designed for total fluences of 2 and 6.6 MWa/m2 

respectively. It is very interesting to note that the direct 
capital cost of the high fluence devices are not much higher than 
the cost for a device which has already to withstand a neutron 
fluence of 0.2 MWa/m2. This is because all the essential elements 
necessary for operation at high neutron fluxes have already to be 
present, and also the neutron fluence needed for establishing 
fully conclusive results is already far above being negligible. 
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Under these circumstances it still seems to be the best 
strategy to build an INTOR-like device even if its primary task 
were to produce the missing fraction of the physics data base. 
For a modest increase of the direct capital cost (see fig. 5) it 
provided the chance to go to full fluence if during the initial 
phase of operation the physics turned out to be right. Otherwise, 
it also would allow working on improvements of physics by 
expanding the initial phase of operation. High fluence operation 
is mainly a load on the operating costs and these remain open to 
later decisions depending on the results then achieved. 
Variations of this concept are being evaluated at present. 

This paper is based on the work of scientists and engineers 
in the EC, Japan, USA and USSR who have contributed to the INTOR 
Workshop. 
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DISCUSSION 

CM. BRAAMS: Is there not a discrepancy between your statement that the 
poloidal field coils have to be placed outside the toroidal coils for maintenance 
reasons and Dr. Stacey's statement in Paper No. IAEA-CN-44/G-I-2 that the 
coils will be part of a permanent structure designed to be so reliable that no 
maintenance will be necessary? 

G. GRIEGER: No, because the coils are considered by us to be semi
permanent; that is, it must be possible to repair them even if they are designed 
not to need regular maintenance. If the PF coils were put close to the plasma, they 
would be interlinked with the TF coils and form a cage preventing access to the 
inner parts (blanket, first wall, etc.), which require regular maintenance. The 
periodic removal of interlinked coils would be almost impossible. 
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Abstract 

A DEMO TOKAMAK REACTOR: ASPECTS OF THE CONCEPTUAL DESIGN. 
Some of the more important aspects of the design of a 600 MW(e) demonstration tokamak 

reactor are discussed with particular emphasis on the design of the tritium breeding blanket and 
its associated components. Alternative blanket designs employing ceramic and liquid breeding 
materials are presented. Both conform to the requirements of a commercial reactor in having 
a global tritium breeding ratio greater than unity and an outlet coolant temperature high enough 
for efficient electricity generation. Solutions to the problems of heat loading and plasma 
erosion of the first wall and divertor plates are proposed. 

INTRODUCTION 

A DEMO tokamak reactor is defined here as one that employs 
the technology which might be extrapolated to that required 
for the commercial exploitation of fusion power. The DEMO 
should therefore produce net electricity, breed sufficient 
tritium to close the fuel cycle, and operate with a high 

* Present address: NET Team, Max-Planck Institut für Plasmaphysik, Garching, 
Fed. Rep. Germany. 
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(a) SOLID BREEDER 
(Ridge divertor) 

(b) LIQUID BREEDER 
(INTOR-type divertor) 

1. 

2. 

3. 

4. 

5. 

T F COIL 

VACUUM VESSEL 

DIVERTOR PLATES 

VACUUM PUMPING 
PORT 

HONEYCOMB SUPPORT 
STRUCTURE FOR 
BREEDER ELEMENTS 

6. NEUTRON REFLECTOR 

7. VERTICAL BREEDER 
ELEMENTS 

8. HORIZONTAL BREEDER 
ELEMENTS 

9. POSITION OF INBOARD 
HORIZONTAL BREEDER 
ELEMENTS 

10. BREEDER AND FIRST 
WALL COOLING PIPES 

11. PF COIL 

FIG.l. DEMO reactor cross-section. 
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TABLE I. DEMO REACTOR PARAMETERS 

Plasma major radius 
Plasma minor radius, a 
Plasma elongation, b/a 
Fusion power 
Chamber wall 14MeV neutron 

current 
Toroidal field on plasma axis 
Plasma current 
(3 (mean) 
Burn time 
Cycle time (maximum) 
Number of toroidal field coils 
Number of blanket sectors 

6.8 
1.6 
1.6 
2.0 

2.6 
6.0 
9.3 
5.6 
1000 
<1050 
12 
12 

m 
m 

GW 

MW/m2 

T 
MA 
0/ 
/O 

S 

availability. In this conceptual design study, emphasis has 
been given to aspects of the reactor which have a critical 
bearing on these requirements. Thus, the main design effort 
has been devoted to the high temperature tritium breeding 
blanket, attention being given to the closely related topics 
of the first wall, the divertor and the design and 
positioning of components to satisfy the requirements of 
remote maintenance procedures. The design of the remaining 
parts of the reactor has been considered only to the extent 
required to give a reasonably consistent overall concept. 

The reactor design is based on the INT0R pulsed tokamak 
[l] and its European version NET [2] with an increase in the 
size and wall loading to raise the thermal output from 60ÜMW 
to 2000MW, giving an electrical output of ~ 600MW. The study 
therefore serves to indicate how the INT0R/NET designs may 
have to be modified for this higher power output to be 
obtained. Figure 1 shows alternative cross-sections of the 
reactor and Table I lists the main parameters. 

The two designs of blanket and the associated first walls 
are discussed first, followed by the divertor and neutronic 
analysis which are subjects common to both designs. The 
discussion is necessarily brief: a much more extensive 
description will be given at the forthcoming SOFT 
Conference [3]. 

TRITIUM BREEDING BLANKET AND FIRST WALL 

At the beginning of the study the r e l a t i v e meri ts of the 
l i t h i u m ceramic breeder and the l i t h i um- lead a l l oy breeder 
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(a) SOLID BREEDER 

/

F I R S T WALL POSITION 

CENTRAL HELIUM 
MANIFOLD 

BREEDER AND 
MULTIPLIER RODS 

SECTION 

(b) LIQUID BREEDER 

HEXAGONAL TUBE 
SUPPORT STRUCTURE 

WALL LEAD/ BERYLLIUM OXIDISER 
TILE LITHIUM SECTION HELIUM 

FLOW 

FIG.2. Schematic arrangement of breeder elements in hexagonal tube support structure 
(not to scale). 

were not clearly known. Therefore a design for each was 
developed in which a global tritium breeding ratio in excess 
of unity was sought by a combination of maximum coverage of 
the plasma region by breeder, enrichment of the 6Li content 
and the use of neutron multipliers and reflectors. Both 
designs have similarities in that the breeder elements are 
contained in a steel honeycomb structure of hexagonal cells 
(Fig 2) and are cooled by high pressure helium with an outlet 
temperature of about 600°C, which then flows through a heat 
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exchanger to raise steam. Helium in preference to water was 
chosen as the coolant for safety reasons because of its much 
smaller stored energy. The helium also serves as the purge 
gas for removing the tritium produced in the breeder 
elements. The tritium is converted into T2 0 via a copper 
oxide bed to prevent its permeation through the walls of the 
coolant tubes. It is extracted in a by-pass loop by freezing 
or by molecular sieves; this extraction system is currently 
under study. 

Solid Breeder Blanket 

The design has been developed from a previous study of a 
blanket sector for INTOR/NET [4]. The solid breeder is 
lithium metasilicate, enriched in 6Li which is hot-pressed 
into rods of about 80SÍ density [3a]. The DEMO blanket must 
produce net electrical power and tritium and hence is subject 
to constraints imposed by the thermodynamic and neutronic 
performance required. The current design [3b] is based on a 
honeycomb structure of brazed hexagonal ferritic steel tubes, 
15cm across flats (Figs la and 2a). Circular wrappers filled 
with a distributed mix of lithium silicate and beryllium rods 
for neutron multiplication are inserted into the hexagonal 
structure in the toroidal direction. The helium coolant, 
supplied from a central manifold, is admitted to the cusp-
shaped interstitial voids around the wrapper, thereby 
restraining the temperature of the structure to ~ 400°C. At 
the ends of the honeycomb cells the coolant returns through 
the channels formed between the breeder rods, extracting the 
heat and tritium simultaneously and emerging at an outlet 
temperature of 580°C (Fig. 2a). 

Practical design solutions for the first wall were found 
to be heavily constrained by mutually conflicting require
ments. It is desirable to keep the wall thin to minimise 
neutron absorbtion and thermal stress. On the other hand, if 
a maintenance cycle of 2 years between replacements is 
adopted, the wall has to be initially thick, if made of 
stainless steel as in INTOR [l], to allow for sputtering 
damage under normal and disruptive operation and to reduce 
the rate of tritium permeation from the plasma to the 
coolant. Tungsten tiles of 3mm thickness were chosen as the 
best for satisfying all these requirements. During the 
plasma heating phase, good isolation of the plasma from the 
tiles will be required to avoid an excessive concentration of 
high Z impurity in the plasma. This has not yet been 
investigated. 

The tiles, which have a surface temperature of about 
2000°C are supported on a copper alloy wall to which they are 
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r a d i a t i v e l y cooled , the wal l being cooled independen t ly of 
the b lanke t by helium a t 200 bar [ 3 c ] . Copper was chosen for 
the wall m a t e r i a l because of i t s high thermal and e l e c t r i c a l 
c o n d u c t i v i t y . Image c u r r e n t s induced in t h i s w a l l , sub
d iv ided i n t o 12 s e c t i o n s around the major c i rcumference of 
the t o r u s , produce s u f f i c i e n t r educ t i on in the growth r a t e of 
the plasma i n s t a b i l i t y in the v e r t i c a l d i r e c t i o n t o a l low 
time for the e x t e r n a l l y app l i ed s t a b i l i s i n g magnet ic f i e l d s 
to p e n e t r a t e the c o i l s t r u c t u r e and t o r u s [ 3 c ] . 

Liquid Breeder Blanket 

The l i q u i d breeder i s a l i t h i u m - l e a d a l l o y with the r a t i o 
of l i t h i u m to lead chosen to give optimum t r i t i u m b r e e d i n g . 
The a l l o y i s conta ined in s t a i n l e s s s t e e l c ans , cooled by 
helium [ 3 d ] . They a re i n s e r t e d i n t o a s t e e l honeycomb 
s t r u c t u r e s i m i l a r to t h a t for the s o l i d breeder (Fig. 2 ) , but 
the channe ls a re o r i e n t e d approximate ly in the r a d i a l 
d i r e c t i o n i n s t ead of the t o r o i d a l d i r e c t i o n (Fig. l b ) . The 
wal l t i l e s are mounted on the end caps of the breeder 
c h a n n e l s t o which t h e y a r e c o o l e d by r a d i a t i o n and 
conduc t ion . The end caps a re cooled in turn by helium a t 20 
bar a f t e r i t s f i r s t pass a long the ou te r i n t e r s t i c e s of the 
channel assembly; the coolan t then pas se s through the cen t r e 
of the can t o e x t r a c t the hea t from the b r e e d e r . This 
arrangement has the f u r t h e r advantage of r educ ing the chance 
of o v e r - p r e s s u r i s a t i o n of the system in the event of a 
coolan t p ipe f a i l u r e . In a d d i t i o n , the e f f e c t s of Li-Pb 
co r ros ion a re minimised because the l i t h i u m - l e a d in the 
s e p a r a t e cans i s n o m i n a l l y i s o t h e r m a l and h a s a low 
c i r c u l a t i o n r a t e . 

The t r i t i u m produced in the breeder permeates through the 
c a n s i n t o t h e h e l i u m c o o l a n t s t r e a m . The h e l i u m 
s imul taneous ly produced d i f f u s e s out of the cans via the 
d i r e c t i o n a l f i b r e s in the r e a r end cap m a t e r i a l [ 5 ] . 

DIVERTOR 

At the bottom of the torus is a poloidal divertor for 
impurity control and removal of the products of the fusion 
reaction. Owing to the small radial thickness of the plasma 
scrape-off region (~ 2cm) [6], the power density in the 
exhaust stream of particles is very high and, to achieve an 
acceptable heat flux, the angle of incidence with the divertor 
plates in the plane of the cross-section is set at ~ 8°. 
This reduces the peak power loading on the plates to ~ 
40MW/m2, but this is still high and leads to the choice of 
cooling by supercritical steam, flowing in an assembly of 
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t h i n - w a l l e d tungsten/5% rhenium tubes o f adequate the rma l 
c o n d u c t i v i t y . The o r i g i n a l p lan o f u s i n g he l i um c o o l i n g 
th roughou t i n the h igh temperature r e g i o n s of the r e a c t o r had 
t o be r e l a x e d he re because o f t h e e x t r e m e c o o l i n g 
r e q u i r e m e n t s . 

The need f o r t h i s t h i n d i v e r t o r p l a t e a r r a n g e m e n t 
comp l i ca tes the f a b r i c a t i o n , but leads t o the advantage t h a t 
breeder m a t e r i a l can be p o s i t i o n e d below the d i v e r t o r (F ig . 
l a ) . The i n t e g r a t i o n o f the d i v e r t o r assembly w i t h the 
b l anke t i m p l i e s however t h a t the d i v e r t o r must l a s t f o r the 
two yea r l i f e o f t h e b l a n k e t i n t h e f a c e o f s e v e r e 
s p u t t e r i n g . P r o t e c t i o n o f the su r face i s t h e r e f o r e proposed 
by means o f a t h i n l a y e r (0.1mm) o f mol ten meta l f l o w i n g 
c o n t i n u o u s l y over i t . A s i m i l a r approach was cons ide red fo r 
UWMAK-I [ 7 ] , w h e r e l i t h i u m was proposed f o r the su r f ace l a y e r . 
In the present study mol ten t i n [ 3 e ] has been chosen f o r i t s 
lower vapour pressure a t the h i g h o p e r a t i n g temperature 
demanded by the need t o e x t r a c t u s e f u l heat f rom the 
d i v e r t o r . In order t o accommodate the mol ten f i l m , the 
i n c l i n a t i o n of the i nne r d i v e r t o r p l a t e o f the INTOR-type 
arrangement shown i n F i g . l b has been m o d i f i e d t o g i ve a 
r i dge -shaped c r o s s - s e c t i o n t o the p l a t e assembly ( F i g . l a ) . 
The tungs ten rhenium m a t e r i a l i s compat ib le w i t h mol ten t i n . 

Removal o f the he l i um genera ted as a by -p roduc t o f the 
f u s i o n r e a c t i o n r e p r e s e n t s a severe l o a d on the vacuum 
system. Wi th the maximum pumping p o r t s i z e p rov i ded on the 
o u t - b o a r d s i d e o f t h e d i v e r t o r c o m p a t i b l e w i t h the 
requ i remen ts o f b l anke t coverage o f the plasma, an e f f e c t i v e 
pumping speed o f 500 m3 /s can be a t t a i n e d . The e s t i m a t e d 
average f r a c t i o n a l he l i um c o n c e n t r a t i o n i n the plasma i s ~ 
10&. 

NEUTRONICSANALYSIS 

N e u t r o n i c s a n a l y s i s has proceeded a l o n g the p a r a l l e l pa ths 
o f d e t a i l e d b l a n k e t o p t i m i s a t i o n us ing one-d imens iona l models 
[ 3 f ] and a t h r e e - d i m e n s i o n a l Monte-Car lo method [ 3 g ] t o 
es t ima te the g l o b a l t r i t i u m b reed ing r a t i o . 

The use o f m u l t i - p i n b reed ing c e l l s i n the des ign 
employ ing a s o l i d breeder (Figs l a and 2a) pe rm i t s an optimum 
d i s t r i b u t i o n o f b e r y l l i u m and e n r i c h e d l i t h i u m m e t a s i l i c a t e 
th rough the b l a n k e t t h i c k n e s s . High va lues o f the l o c a l 
t r i t i u m b reed ing r a t i o (£ 1.35) have been ob ta ined w i t h some 
a l l e v i a t i o n o f the peak l i t h i u m d e p l e t i o n r a t e s exper ienced 
w i t h the e a r l i e r INTOR t e s t sec to r design [ 4 ] . Replacement 
o f the. i n b o a r d b reed ing b l a n k e t by a neu t ron r e f l e c t o r has 
been c o n s i d e r e d a n d , f r o m a c o m p a r i s o n o f c a n d i d a t e 



276 REYNOLDS et al. 

materials, beryllium has emerged as the first choice with 
lead as a good alternative. 

Optimisation of the liquid blanket concept (Fig. lb) has 
yielded a 70/30 ratio of lead to lithium with the 6Li 
enriched to 50%. A small additional multiplication is 
provided by beryllium (Fig. 2b). Local tritium breeding 
ratios of ~ 1.5 are obtained. 

Both blanket designs have been analysed in a three-
dimensional model representing a one-twelfth sector of the 
machine, with side - reflecting boundary conditions which 
complete the simulation of toroidal geometry. Accurate 
representation of the inboard and outboard blankets, the 
geometry of the injector and exhaust ports, and the main 
features of the divertor target region has been achieved in 
the model, and a comparison has been made of the global 
tritium breeding ratios attainable with liquid and solid 
designs and with the use of inboard reflectors. Global 
tritium breeding ratios in excess of unity seem achievable 
for both blanket designs. 

REACTOR LAYOUT AND MAINTENANCE 

Throughout the work, attention has been given to the 
development of a design which minimises maintenance problems. 
The twelve blanket sectors are removed from the torus in the 
radial direction as in the Culham Tokamak Reactor Mkll [8]. 
To obviate the need to move the bulky and heavy neutral 
injectors, these are placed near the top of the torus. 

CONCLUSIONS 

The present study of the conceptual design of parts of a 
DEMO reactor ind icate that a global t r i t i u m breeding r a t i o in 
excess of u n i t y can be a t t a i n e d w i t h both l i t h i u m 
metas i l icate and l i t h ium- lead breeders contained in a s tee l 
s t r uc tu re , using high pressure helium, as an inherent ly safe 
coolant . Issues requ i r ing fur ther study include the r e l a t i v e 
meri ts of the so l i d and l i q u i d breeder designs, the design of 
the plant to ext ract the t r i t i u m from the helium coolant and 
the fur ther design of the d iver tor to accommodate the very 
high heat and pa r t i c l e loads a r i s ing from present estimates 
of the d iver to r scrape-off layer thickness. 
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DISCUSSION 

E.P. VELIKHOV: In view of the fact that the blanket and the first wall 
have only a two-year lifetime, I would be interested to know what quantities of 
materials — especially of those in short supply, such as tungsten — your reactor 
design provides for. 

P. REYNOLDS: We have not yet made this estimate, although we are aware 
of its importance. 





IAEA-CN-44/H-I-1-2 

ELECTRON CYCLOTRON RESONANCE 
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Abstract 

ELECTRON CYCLOTRON RESONANCE STRATEGIES IN THE STARTUP PHASE OF 
THE TOKAMAK REACTOR AND POSITION-BURN CONTROL. 

The paper has three parts: (1) A scheme is discussed for plasma formation in INTOR-NET 
by injection of electron cyclotron (EC) waves in the ordinary polarization. (2) The possibility 
of current density profile control by injection of EC waves in an INTOR-like tokamak plasma 
is analysed. A significant stationary modification of the Ohmic current profile in the startup 
phase of the discharge is obtained before a substantial spatial diffusion takes place. (3) The 
plasma column is already sensitive to the thermal instability in the phase approaching ignition 
and must be guided by a suitable vertical-field feedback control. The feedback gain is severely 
restricted by the amount of auxiliary power available and by the tolerable excursion. 
Compression/decompression cycles are not suitable for stabilization because they are them
selves unstable. 

1. PLASMA FORMATION IN INTOR-NET BY EC ORDINARY WAVES 
(C. Maroli, V. Petrillo) 

Electron cyclotron (EC) pre-ionization in the extraordinary mode, although 
experimentally possible, is complicated by the need for a launching system from 
the inner side of the torus. The ordinary mode, however, is characterized by an 
optical depth factor smaller than that of the extraordinary mode at low density, 
but scaling so favourably with the major radius and the toroidal field that, for 
INTOR-NET, the fraction of power absorbed is sufficient to start and sustain 
the ionization process. The system of balance equations suited to the case of 
ordinary waves is well known [1]. 

Calculations were made in which an ordinary mode, almost perpendicular 
to the toroidal magnetic field, is injected into a hydrogen neutral gas (1012 to 

* Istituto sulla Propulsione e l'Energetica del CNR, Politécnico di Milano. 
** Dipartimento di Fisica, Université di Milano. 
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FIG.l. Time evolution of plasma density (full lines) and electron temperature (dashed lines) 
for different values of injected power. 

1013 cm - 3) containing a very low percentage of free electrons (104 to 105 cm - 3) . 
In the source terms, two populations of electrons are distinguished: (a) thermal 
electrons, which absorb a low level of energy and contribute to the ionization 
process through the thermal ionization rate; and (b) resonant electrons, which 
absorb a high level of energy, producing single-particle ionizations. Because the 
optical depth is extremely small, the presence of resonant electrons is limited to 
the first few hundred jus, and their fraction is not greater than 20—30%. The 
whole ionization process is strongly dominated by thermal electrons. The vertical 
stray field (~100 G) strongly influences the losses. An impurity content of 
oxygen (1011 cm -3) and iron (1010 cm -3) is also considered. To reach favourable 
final conditions (full ionization in a few tenths of /xs or less and electron tempera
ture Te greater than or close to 100 eV) more than 1 MW of power must be applied, 
the fraction absorbed in a single pass being about 20 to 40 n in the final stage. 
Curve (a) of Fig. 1, refers to the case 1.5 MW and curve (b) to 2 MW. Retention 
of only first-pass absorptions implies a rather pessimistic estimate; a more precise 
account should include the power recovered in the plasma by wall reflections. The 
final plasma is located round the electron cyclotron resonance, and its thickness 
is of the order of a few cm. By increasing the injected power to 4 MW (Fig. 1, 
curve (c)) the time required for full ionization decreases to 4 to 5 ms, and the 
final electron temperature increases proportionally. 
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2. EC CURRENT PROFILE CONTROL DURING STARTUP 
(D. Farina, M. Lontano, R. Pozzoli) 

We consider the modification of the current density profile due to the 
injection of ordinary EC waves during the startup phase of INTOR. We refer 
here to the direct generation of current in the case of quasi-perpendicular propa
gation. We note that most of the previous evaluations refer to current generation 
resulting from the temperature variation due to the absorption of EC waves 
injected perpendicularly to the toroidal magnetic field. However, since the 
temperature can increase only as a result of absorption, the direct method of 
current generation seems to allow greater flexibility when a local variation of the 
current density gradient is needed. 

The relevant equation for the current, including the integro-differential 
linearized collision term and the quasi-linear relativistic diffusion term, has been 
solved in the stationary limit. The time evolution of the system has been analysed 
in the frame of the Lorentz model. The effective resistivity for EC current drive 
is given by : 

T?eff
 = 7?Io(°M)/I3OM) 

where r\ is the parallel Spitzer resistivity and 

oo 

Im(°°, t) = J dxxmexp(-x2)a1(x, t) 
0 

refers to the known Spitzer treatment by means of Legendre expansion of the 
distribution function. 

The characteristic time for build-up of current in the absorption region can 
be estimated as T„ ~ T .I3/I0 , where T • is the thermal collision time. The results 

c ei •" " ' ei 

for the generated current are shown in Fig. 2. The power is injected with an 
angular spread of the propagation angle û (85° < # < 88°) with respect to the 
magnetic field; a gaussian spectrum in k„ has been chosen. The cyclotron 
resonance is at R = R0 + a/2. The peak values of density and temperature are 
n0 = 1013 cm - 3 , Te0 = 1 keV, and I = 1 MA. They correspond to INTOR para
meters after about 1 second from the application of the DC electric field. The 
time TC turns out to be much smaller than the characteristic time of the spatial 
diffusion of the current rd . Thus, values close to the stationary values can indeed 
be reached and can last for a time r d . The plots of Fig.2 refer to the directly 
generated current only. The inclusion of current modification due to heating 
would produce a somewhat broader profile. For 1 MW of injected power the 
local current density variation turns out to be of the order of 10% of the Ohmic 
current density, indicating the possibility of controlling MHD activity. For the 
chosen values of the parameters we have rc ~ 50 ms and rd ~ 3 s. 
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FIG.2. Upper part: effect of EC waves on current density profile. The resonance is located 
at r/a = 0.5. The power P = 1 MW is injected from the outside of the torus. Lower part: 
profile of absorbed power density. 

3. CONTROLLED APPROACH TO IGNITION 
(U. Carretta, E. Minardi) 

3.1. Position-temperature instability below ignition 

It is well known that plasma equilibrium on the ignition curve is unstable 
with respect to thermal runaway. This is also true for any time-dependent 
solution of the transport-equilibrium equations sufficiently near to marginal 
ignition. In particular, an approach to ignition cannot be achieved while 
keeping the major radius R(t) = const fixed by adapting to the changing poloidal 
0 the time dependence g(t) of the external vertical field B = gOXRo/R)^. This is 
because any error in the initial measurement of R(t) is exponentially amplified, 
for any given g(t), on the time-scale of the thermal instability. 

It follows that the system becomes sensitive to the thermal instability even 
before reaching ignition, and the feedback stabilization of R already becomes 
necessary in the approach phase. Moreover, neither the position nor the 
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FIG.3. Stability limits for pressure p versus ÇLA in the case R(t) = const for two values of the 
poloidal beta at ignition $pm0- The curve on the left corresponds to static solutions. 

burn can be stabilized by a succession of compression/decompression cycles 
around ignition [2], not even ideally, because the cycles are themselves unstable. 
Indeed, while the adiabatic branches are not so sensitive to the instability in view 
of their rapid time-scale, the succession of paths R(t) = const involves the same 
time-scale for the instability, so that the succession of cycles can never be closed. 
A term ¿?>A of auxiliary heating can stabilize the solution R(t) = const, provided 
that Í2A = 2 ¿PA r/(3 Vpm)is high enough, where p m is the marginal ignition value 
of the pressure, V(R) is the plasma volume and r is the energy confinement time 
r & na2 R = const. The situation is illustrated in Fig.3 for the parameters of INTOR. 
The two solid lines corresponding to two values of the poloidal beta at ignition 
give the critical value of p/pm as a function of £2A, where the trajectory R(t) = const 
becomes unstable in p-R space. The figure shows that, in order to reduce the 
instability region of p to a few per cent below p m , values of Í2A up to 1 are 
required. The curve on the left side of Fig.3 describes static solutions, the lower 
branch corresponding to stable states, as already found by Kolesnichenko and 
Reznik [3]. 

3.2. The road to ignition 

If Í2A is high enough, the path R = const can be stabilized up to marginal 
ignition. However, the crossing of the ignition point could involve, in addition to 
an excessive value of J^A, a subsequent intolerably large excursion for achieving 
stabilization after cut-off of the auxiliary heating. Moreover, it would not be 
easy to determine when the ignition point is crossed. A scenario in which the 
plasma is guided automatically to ignition from below by compression appears 
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FIG.4. K versus Í2 . for given A-values of the compressional path to ignition in the case of 
feedback. Amln (and K ^) versus $1. is also shown. The dashed line corresponds to 
the reference value A = 10%. 

more appropriate. The necessity of stabilizing the position after cut-off of 
^A at t = 0 implies that a suitable feedback system is established for t > 0 in 
order to drive the column stably towards ignition. In a typical situation, the 
vertical field B is controlled by p(t) according to the relation 
g(t) cc 1 + K(p(t) - p(0))/p(0), for t > 0 [4], where p(0) is the critical value 
of p, given in Fig.3, above which the plasma column is unstable in the absence 
of feedback (K = 0). The maximum tolerable inward excursion imposes a severe 
upper limit on the feedback gain K. This is illustrated in Fig.4, where K is plotted 
against £2A for different values of A = (Rs - R¡)/Rs, where Rs and R¿ are the 
values of R for t = 0 and at ignition respectively. 

A lower limit to K is, however, imposed by the stability requirement of the 
compressional path from p(0) to ignition. Associated with this minimum K, there 
is a minimum compressional excursion A • compatible with stability. As seen 
in Fig.4, Amin depends sensitively on £iA , while the dependence of K „,,„ oni2» min A 
although it exists, is indiscernible. 

In conclusion, the conventional ignition curve, in its unstable branch, is 
an idealization so far as it is considered independently of the technical tolerances 
of the thermonuclear device. Indeed, the plasma in the neighbourhood of ignition 
cannot be controlled in its position and temperature without intervention of a 
feedback system basically conditioned by these tolerances. A concrete basis for 
any strategy of the approaching phase to ignition is given by calculating, with the 
help of Figs 3 and 4, the points in p-R space from which a specific thermonuclear 
device can be brought automatically to stable ignition by feedback control (points 



IAEA-CN-44/H-M-2 285 

of virtual ignition). While the ideal ignition curve is independent of the particular 
machine, the points of virtual ignition depend on its technical specifications, e.g. 
the maximum tolerated excursion, the feedback gain, the auxiliary power, and 
so on. 

Any thermonuclear device has its own virtual ignition points and any discussion 
concerning ignition thresholds should refer to them. 
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DISCUSSION 

R.W. CONN: The thermal instability near ignition will be sensitive to the 
underlying transport — for example to the ways in which it depends on density, 
temperature, and MHD activity. How sensitive are your results on burn feedback 
control to the underlying assumption for Tg, which is not the same for discharges 
with auxiliary heating as for OH discharges? 

E. MINARDI: In our calculations we have used the scalings rg ~ na2 « nR 
and TE ~ na2R cc nR2. When the power of R is increased, a reduction in sensitivity 
is expected, but in practice this does not significantly affect the reliability of the 
simultaneous position-burn control in the cases considered. However, one should 
expect the method to be adversely affected by a very favourable scaling of r^ 
with temperature. 
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Abstract 

CONCEPTUAL DESIGN OF FUSION EXPERIMENTAL REACTOR (FER) BASED ON AN 
ADVANCED SCENARIO OF PLASMA OPERATION AND CONTROL. 

The Fusion Experimental Reactor (FER) which is being developed at JAERI as a next-
generation tokamak following JT-60 has the major purpose of realizing a self-ignited, long-burning 
DT plasma and demonstrating engineering feasibility. The paper emphasizes the advanced 
scenario of FER plasma operation and control and the advantage in engineering design made 
possible by the scenario. The FER concept is discussed, which is based on quasi-steady-state 
operation by a lower-hybrid-wave current drive or steady-state operation by three candidate 
radiofrequency waves, impurity control by a cold and dense divertor plasma and vertical 
position control of a highly elongated plasma. 

1. INTRODUCTION 

The Fusion Experimental Reactor (FER) was designed under the guidelines 
provided by the Review Subcommittee of Long-Term Strategy of the Nuclear 
Fusion Council [1—3], Its key technical objectives are realizing a self-ignited, 
long-burning DT plasma with moderate neutron wall loading of approximately 
1 MW • m"2, obtaining a breeding ratio above unity and demonstrating essential 
fusion technologies as are required to provide the design data base for DEMO. 

This paper describes the main features of the FER concept based on plasma 
operation utilizing radiofrequency (RF) current drive, impurity control by 
poloidal divertors, and plasma vertical control with conducting shells in blankets 
and poloidal field (PF) coils, which are the most influential factors in the 
definition of the FER concept. The advantage in engineering design based on 
the above plasma operation and control scenario is described. 
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FIG.l. Perspective view of FER. 

2. REACTOR CONCEPT 

Two versions of plasma operation scenarios based on RF current drive have 
been developed. One is a quasi-steady-state operation scenario with the same 
device parameters as those for the previous design of a pulsed-operation FER [2], 
which employed a conventional inductive current drive. This operating scenario 
consists of alternating cycles of high-density plasma burn during which the plasma 
current is maintained by magnetic flux supplied from Ohmic heating (OH) coils 
followed by a period of low-density RF current drive during which the OH coils 
are recharged for the next high-density plasma burn cycle. A design study based 
on this scenario is conducted as a reference option for FER. The device and 
plasma parameters were optimized while meeting the requirements for the FER 
objectives, a plausible physics data base and engineering restrictions such as 
confinement scaling, beta limit, divertor configuration and maximum magnetic 
fields on the superconducting coils. As is shown in Fig. 1, the whole superconduct
ing coil system is enclosed in a common cryostat vacuum chamber (belljar type), 
and the PF coils are placed outside the toroidal field (TF) coils. A poloidal 
divertor configuration (double-null) with a cold and dense divertor plasma is 
employed. The tritium breeding blanket is installed all around the plasma and at 
the rear side of divertor chambers so as to enhance the breeding ratio. The reactor 
structure design concept is the same as that of the pulsed-operation FER [2], 
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TABLE I. MAJOR PLASMA AND DEVICE PARAMETERS FOR PULSED, 
QUASI-STEADY AND STEADY OPERATION SCENARIOS 

^^~^~-^_Operat ion 
^~~~~~^-^inode 

Burn time (s) 

Number of pulses 

Current drive 

RF power of 
current drive (MW) 

Ion temperature (keV) 

Ion density (m-3) 

Fusion power (MW) 

Major radius (m) 

Minor radius (m) 

Toroidal field (T) 

Plasma current (MA) 
.—. 

Pulsed 
(Ref.[2]) 

100 

- 106 

magnetic flux 

-

Quasi-steady 

2000 

~5 x 1014 

TI„,fstartup i 
LHW , . 

LrechargingJ 

magnetic flux 
(burn) 

15 

10 

1.36x 1020 

440 

5.5 

1.1 

5.7 

5.3 

Steady 

00 

-

CAW 

18 

13 

9 x 1019 

250 

4.0 

1.1 

4.5 

6.4 

because the magnetic flux supplied from OH coils and the plasma parameters 
for the burn phase are the same. 

The other version is a steady-state operation scenario in which device parameters 
and structure design have been optimized anew. The purpose is to demonstrate 
the attractive features of a steady-state operation FER, although its experimental 
data base is insufficient. Major parameters for the above three operation scenarios 
are shown in Table I. 

3. PLASMA STARTUP AND CURRENT DRIVE 

3.1. Quasi-steady-stàte operation scenario 

Based on the experimental data base for current ramp-up [4] and sustainment 
with opposing dc electric field [5] by lower hybrid wave (LHW) current drive, 
quasi-steady operation is considered to be a promising method. In this operation 
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TABLE II. PLASMA AND RF PARAMETERS TO MINIMIZE RAMP-UP 
AND RECHARGING TIMES BY LOWER HYBRID WAVE CURRENT DRIVE 

Time (s) 

Power (MW) 

Spectrum 

Density (xlO18 m 

Temperature (keV) 

3) 

Ramp-up 

~ 100 

5-10 

1.0- (4.0-6.0) 

3 - 5 

1 - 2 

Recharging 

200 - 100 

10 - 15 

1.0- (3.0-4.0) 

3 - 5 

3 - 5 

scenario, the key issues are shortening the current ramp-up time and the recharging 
time of the OH coils during power dwell in order to increase the duty factor, and 
a reduction of the required total RF energy for ramp-up and recharging. Since 
these times essentially depend on the L/R time of the plasma, the plasma tempera
ture must be carefully evaluated by the power balance equation, consistent with 
the deposited RF power for current drive. An analytic model based on a quasi-
linear theory of current drive coupled with the point model power balance and 
equivalent-circuit equations is developed in order to optimize both times [6]. The 
minimization of both times can be attained by appropriately adjusting the parallel 
refractive index. The essential point is to drive a high current without increasing 
the plasma temperature too strongly, in order to keep the one-turn resistance 
small. The plasma and RF parameters optimized in this way are summarized in 
Table II. Impurity contamination and/or temperature decrease resulting from 
deterioration of energy confinement may greatly reduce these times, because of 
an increase in one-turn resistance. 

Major expected benefits for engineering design are (i) longer burn time, 
(ii) reduction of thermal and mechanical stress fatigue, (iii) reduction of magnetic 
energy loss during transfer between PF coils and energy storage system. All these 
benefits can be maximized by ramping up the plasma current by LHW up to 
about 4 MA and then driving the current up to 5.3 MA by OH coils and sustaining 
it throughout the burning phase, and by sustaining the current at about 4 MA by 
LHW again during recharging of the OH coils. The burn time can be extended up 
to about 2000 s by this operation scenario, from 100 s for the pulsed-operation 
FER [2] based on an inductive current drive. The reduction of the number of 
burn pulses mitigates thermal and mechanical stress fatigue. In particular, the time 
variation of the over-turning force on the TF coils can be reduced by a magnitude 
of order by appropriate changes in the plasma current and poloidal beta from the 
burning to the recharging phase, and vice versa. The magnetic energy consumption, 
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normalized by the burn time of 2000 s, can also be greatly reduced by this 
scenario ( 12 -> 3 GJ). Although the reduction of the total energy consumption is 
decreased by the RF energy consumption, a total reduction of energy consumption 
of about 10 GJ (70% reduction) for 2000 s burn can be expected as compared 
with the pulsed-operation FER. 

3.2. Steady-state operation scenario 

The applicability of three candidate driver waves to a steady-state operation 
FER has been examined. The waves envisaged are a compressional Alfvén wave 
(CAW), LHW and a high-speed magnetosonic wave (HSMW). CAW is chosen as 
the primary candidate wave for the current driver, because of its potential 
advantages in a commercial reactor — the theoretically highest driving efficiency 
and good accessibility to the plasma centre, even in a high-density plasma. The 
major radius is decreased to 4 m, from 5.5 m of the pulsed-operation FER, by 
removing the innermost P F coils. Although the magnetic field on axis is reduced 
to 4.5 T from 5.7 T by reducing the plasma major radius with a fixed maximum 
field on the TF conductor, almost the same plasma performance as the pulsed-
operation FER can be recovered without increasing the minor radius by taking 
account of an additional heating input power from the current drive and an 
increased beta value due to the reduced aspect ratio. Major benefits for the reactor 
design due to steady-state operation are (i) smaller reactor size (R = 4 m), 
(ii) vacuum vessel with no bellows for common use of the shell for vertical 
position control, (iii) reduction of power supply capacity of the poloidal coil 
system (2 GVA (pulsed FER) -> 0.2 GVA). 

4. IMPURITY CONTROL 

Divertor and limiter concepts are evaluated for impurity control. The open-
type divertor, which is not clearly separated from the main plasma region by 
means of a divertor throat, is adopted in the FER design, on the basis of recent 
favourable results both from Doublet III divertor experiments [7] and numerical 
code analyses [8, 9]. The limiter concept, on the other hand, is not found to 
have as favourable a data base as the divertor, mainly because of its tendency to 
have a higher-temperature scrape-off layer (more than 100 eV for FER), which 
causes large sputtering erosion of the limiter plate and, therefore, impurity 
contamination [10]. 

Numerical analyses with a divertor code were developed lately [9], which can 
well explain the results of Doublet-Ill open-type divertor experiments [11], 
clearly predict cold and dense plasmas near the divertor plate for FER, owing to 
high-recycling particles in the divertor chamber. The temperature of the divertor 
plasma falls below 30 eV, and its density increases to 1020 m"3. In particular, if 
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the characteristic power width of the divertor plasma is large, e.g. more than 5 cm, 
the temperature drops below 10 eV [12]. Such a cold and dense divertor plasma 
has the following advantages: (1) the decrease in the energy of the incident ions 
to the divertor plate significantly suppresses the sputtering of the plate materials; 
(2) higher gas pressure at the pumping duct provided near the divertor plate, due 
to high particle recycling, also relaxes the pumping requirements, e.g. to less 
than 10s L- s"1 ; (3) considerable radiation losses caused by hydrogen and impurity 
particles are expected to reduce the power load to the divertor plate; (4) the 
so-called H-type discharges [13], which do not suffer from severe confinement 
degradation under additional heating, are compatible with the divertor operation. 

The suppressed ion sputtering rate mitigates the engineering design problems 
of the divertor plate. In our design, tungsten is selected as armouring material, 
because of its low ion sputtering yield and high melting temperature. The thickness 
of the armour is chosen so as to give the longest fatigue life of the heat sink 
material (copper), considering both operating and plasma disruption conditions. 
The fatigue life is estimated to be about one year, with 1 mm thick tungsten. 
The erosion lifetime of the divertor plate due to ion sputtering is calculated to be 
1.4 years, which is longer than the fatigue life of the heat sink material. 

5. PLASMA VERTICAL POSITION CONTROL 

As to plasma vertical position control, it is strongly required to develop a 
design scenario which simultaneously fulfils the condition of acceptable power 
supply capacity and the requirements posed by reactor structure design integra
tion, such as instalment of breeding blankets having a breeding ratio above unity, 
segmentation consistent with assembly/disassembly and structures withstanding 
disruption. Passive shells and active control coils are provided in order to control 
the plasma vertical position instability. Saddle-type passive shells are installed 
in the blanket vessels in the outboard region as is shown in Fig.2. This conducting 
shell structure concept was employed to allow the placement of active control 
coils external to the TF coils, which results in great advantages in reactor structure 
and maintenance design. 

Feedback control analysis was conducted to evaluate the required power 
supply capacity for the active coils. The segmented geometry of the torus 
modules is fully simulated by a thin-plate three-dimensional model in the eddy 
current calculation. As the external disturbance source for vertical displacement 
of the plasma from the equilibrium position, a perturbation of the horizontal 
magnetic field Bd of 10 G with a time constant of 5 ms is assumed. The results 
of feedback control analysis are summarized in Table III. Although the amount 
ôf disturbance assumed seems to be fairly severe, the required power supply 
capacity is at an acceptable level. 
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TABLE III. PARAMETERS OF CONDUCTING SHELLS AND 
RESULTS OF FEEDBACK CONTROL ANALYSIS 

Equilibrium field 

n-index 

Passive shell (Saddle type) 

Number of segmentation 

Material 

Thickness 

Shell effects 

n-index (n (co)) 

Growth time 

Feedback control 

Max. voltage 

Max. current 

Max. plasma displacement 

-1.63 

42 

Be 

6 cm 

2.51 

24 ms 

200 V 

100 kA 

1.7 cm 

The electromagnetic force on the shell structure and the blanket vessel due 
to plasma disruption is calculated by the EDDYARBT code [14]. The plasma 
current is assumed to decay exponentially with a time constant of 15 ms. The 
maximum stress intensity obtained from three-dimensional stress analysis is 
117 MPa, which is sufficiently lower than the allowable stress intensity 
(1.5 Sm = 200 MPa). 

Beryllium is selected as a candidate material for the passive shell because of 
its low electrical resistivity and large (n,2n) neutron cross-section. Neutronics 
analysis shows that a tritium breeding ratio of about 1.05 is obtainable with the 
neutron-multiplying effect of the beryllium shell. 

The torus segmentation arrangement including blanket, shield and belljar-type 
cryostat chamber was determined with comprehensive considerations of position 
controllability, assembly/disassembly and support. 

6. CONCLUSIONS 

A conceptual design of FER based on an advanced scenario of plasma 
operation and control has been developed, which demonstrates the following 
beneficial features: 



IAEA-CN-44/H-I-2 295 

A quasi-steady state operation scenario of driving the plasma current by 
lower hybrid wave has been developed by optimizing comprehensively the related 
operation parameters. Its major beneficial features are a long burn time of 2000 s, 
reduction of stress fatigue and reduction of magnetic energy consumption as 
compared with the pulsed-operation FER. Advantages obtained from the steady-
state operation scenario developed are remarkable and concern reactor size, 
reactor structure design and power supply capacity. 

A cold and dense divertor plasma has been demonstrated by numerical 
analysis. As a result, the required vacuum pumping speed is greatly reduced, and 
design problems of high heat load and erosion on divertor plates are mitigated. 

A stabilization scenario of vertical plasma motion based on conducting 
shells installed in blankets with a breeding ratio above unity and active feedback 
control by P F coils external to the TF coils has been developed. The results 
indicate that an FER design concept with these features is feasible within an 
acceptable range of the power supply capacity required. 
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DISCUSSION 

B.G. LOGAN: By what factor does steady-state current drive reduce the 
overall costs for your advanced design? 

M. YOSHIKAWA: We have not really examined the cost of the reactor 
itself, and we can only guess at the difference in radius: it seems likely, however, 
that the radius would be reduced from 5 m to 4 m, so that the economic gain 
might be expressed as 52 - 4 2 / 5 2 , or about 35%. 

S.O. DEAN: Do you think that a device on the scale of FER will be the next 
one built in Japan, or will it be something less ambitious? And do you think the 
next device will be built as an international project? 

M. YOSHIKAWA: Except where D-T burn is concerned, we have made 
rather a large step with JT-60, which could be complemented by international 
co-operation. Thus, with parallel development of nuclear-related technologies, 
I personally feel we would do better to make a further large step, as represented 
by FER, rather than something like TFCX. 
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Abstract 

THE TOKAMAK FUSION CORE EXPERIMENT STUDIES. 
The basic objective of the next major step in the US fusion programme has been defined 

as the achievement of ignition and long pulse equilibrium burn of a fusion plasma in the Tokamak 
Fusion Core Experiment (TFCX) device. Preconceptual design studies have seen completion 
of four candidate versions to provide the comparative information needed to narrow down the 
range of TFCX options before proceeding to the conceptual design phase. All four designs 
share the same objective and conform to common physics, engineering and costing criteria. 
The four base options considered differed mainly in the toroidal field coil design, two employing 
superconducting coils and the other two copper cons. In each case (copper and superconducting), 
one relatively conventional version was carried as well as a version employing more exotic toroidal 
field coil design assumptions. Sizes range from R = 2.6 m for the smaller of the two copper 
versions to R = 4.08 m for the larger superconducting option. In all cases, the plasma current 
was about 10 MA and the toroidal field about 4 T. 
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1. INTRODUCTION 

Design studies have been performed over the last 
several years to establish the characteristics of those 
options that will satisfy the mission and objectives of the 
next large fusion device in the US tokamak program. This 
device is called the Tokamak Fusion Core Experiment 
(TFCX). The design studies have been performed by a design 
team with representatives from almost all major fusion 
laboratories of the US fusion program. 

The mission established for TFCX is as follows. The 
essential objective of the TFCX is to achieve ignition and 
long-pulse equilibrium burn. To the extent that resources 
permit, the TFCX project should serve as a focus for the 
development of future fusion technologies. 

Constraints related directly to the mission statement 
are: (1) the device should have an ignition margin of 1.5 
under the assumed confinement scaling; (2) the device should 
be capable of at least 2 x 10 seconds of full parameter D-T 
burn; and (3) the device should have sufficient volt-seconds 
during the burn phase to replace 70% of the plasma internal 
inductance. The most important physics assumptions used 
were: (A) a modified form of GMS confinement scaling 
including the degradation of confinement as B approaches the 
ideal ballooning limit in an elongated, D-shaped, cross-
section; (B) the assumed use of lower hybrid current drive 
to rampup the plasma current; (C) ICRH to supplement the 
heating available from lower hybrid power for heating to 
ignition; and (D) the use of a pumped limiter or a poloidal 
divertor for impurity exhaust and particle control, with the 
pumped limiter being the primary option. Engineering 
criteria were developed to ensure uniform assumptions 
regarding: (1) materials properties; (2) radiation 
resistance; and (3) design allowables. A cost data base was 
accumulated and cost algorithms developed which were then 
applied to each design. 

Several candidate TFCX options have been developed that 
satisfy the mission. For each candidate option, a common 
basis has been used to develop the design. A common physics 
basis has been developed and applied. A set of design 
specifications was established and applied uniformly to each 
candidate option in performing the engineering design and 
analysis. Finally, a common cost data base was developed and 
applied consistently to each option. This process has 
provided a broad examination of the candidate TFCX options 
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on a consistent and uniform basis to permit a valid 
comparison of the results. 

Trade studies were conducted to examine the 
sensitivity of the design to certain assumptions, in 
particular to variations in confinement scaling, to the use 
of full inductive drive instead of lower hybrid, and to the 
use of a divertor rather than a pumped limiter. 

2. PHYSICS 

The candidate TFCX options have been designed with 
common primary physics basis in the areas of ignition, pulse 
length, rf current drive, rf heating and impurity control. 
They can be characterized as follows: 

The plasma current and toroidal field are chosen to 
provide a safety margin for ignition. 

Current drive with an rf system at a frequency 
(several gigahertz) near the lower-hybrid range of 
frequencies (LHRF) will be used to provide most of 
the power to rampup the plasma current. 

The LHRF will be augmented with rf heating near the 
ion-cyclotron resonance frequency (ICRF) to heat the 
plasma to ignition. 

Both limiters and divertors have been analysed to 
determine their compatability with the TFCX 
designs. The baseline designs for TFCX feature the 
limiter option. 

TFCX is designed for long-pulse (several hundred 
seconds or more) operation. The pulse length 
criterion will be discussed below. 

In order that all options be comparable and consistent 
with mission requirements, a zero-dimensional physics model 
was developed to evaluate plasma performance. Key plasma 
parameters in this model that were fixed for preconceptual 
design studies are shown in Table I. 

The elongation and triangularity of the plasma shape 
were chosen to take advantage of the improved beta values 
that can be attained with enhanced shaping while not 
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TABLE I. TFCX DEVICE PARAMETERS 

Elongation ( ic) 
Triangularity (6) 
Safety Factor (q): 

on edge 
on axis 

Temperature (T) 
Ignition parameter (C^ ) 
Peak to average edge ripple 

compromising plasma stability or the mechanical 
configuration of the device. The safety factor at the 
plasma edge of 2.4 was a compromise between plasma 
performance and stability. The plasma temperature of 10 keV 
was chosen to be near optimal for ignition and fusion 
burn. The ignition parameter (ratio of fusion heating rate 
to energy loss rate) is the most important measure of plasma 
performance with respect to the TFCX mission, and was set at 
1.5 to provide some margin in sizing the various options 
with respect to the energy-confinement scaling discussed 
below. 

The ignition parameter was determined by 

2 
C. = 0.295 X T x B 
ig Eo t 

where B t is the field-on-axis, and T E is the energy-
confinement time at zero B (the total volume - averaged 
beta). The coefficient in the equation has already been 
adjusted to reflect a decrease in confinement time at 
ignition beta. The form used for the reduction in 
confinement with beta was T = T_ exp [- (B/B )2]. The B 
was determined from consideration of ideal MHD ballooning 
modes and given by 

B = 0.2 x (1 + <2)/(2 x A x q) 

where A is the aspect ratio. For a fixed plasma shape and 
safety factor, the critical B depends solely on aspect 
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ratio. The energy confinement time at low beta was 
determined by a modified form of GMS: 

—fi 
T = 0.39 x 10 x a x i 
Eo p 

where a is the plasma radius, i is the plasma current, and 
the elongation has already been factored into this 
equation. Using these confinement and beta assumptions, 
INTOR would have an ignition margin of about 0.7. Assuming 
an INTOR design beta of nearly 6%, its ignition margin could 
be restored to about 1.5. 

During current rampup the density will be maintained at 
a low value to facilitate rf current driver and the electron 
temperature needs to be minimized to accommodate current 
profile evolution in a reasonable time-scale (~ 50 s ) . Some 
induction voltage will be applied by the poloidal field 
system due to the increase in the vertical field. 

During the burn phase, the discharge will be maintained 
inductively while the profiles evolve to steady-state 
conditions in the plasma resistive time - scale. The 
inductive volt-seconds provided by the poloidal field (PF) 
system has been sized to allow for this evolution, namely to 
replace 70% of the plasma internal flux during burn. The 
actual burn time ranges from about 300 s to 600 s among the 
four design options. 

3. DESIGN FEATURES 

Four primary TFCX options were developed; many 
additional trade studies branching from these options were 
performed to examine numerous interesting technical design 
or performance questions. Two of the options use 
superconducting toroidal field (TF) coils and two options 
use copper TF coils. In all but the smallest copper option, 
superconducting poloidal field (PF) coils are also used. In 
the smallest copper TF option a copper central solenoid was 
used. 

The two superconducting TF options are designated as 
nominal and high performance respectively. The nominal 
superconducting option is designed along traditional 
thinking as developed in the FED/INTOR design studies. This 
option provides sufficient shielding to limit the maximum 
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nuclear heat load to the superconductor to 1 mW/cm . In 
order to reduce the overall size of the device, in the high 
performance superconducting option the maximum nuclear heat 
load to the superconductor was increased to 50 mW/cm . This 
allows the thickness of the shield to be reduced from about 
60 cm in the nominal design to about 30 cm in the high 
performance design. The major radius decreases 
significantly as a result. The higher nuclear heat load 
complicates the design of the TF coil winding, because of 
the need to provide a high helium throughput. A feasible 
design concept was developed that uses a pancake wound coil 
with the first third of the pancake windings individually 
cooled, then the next third of the winding cooled every two 
turns, and the last third of the windings are cooled every 
five turns. (In the nominal design, the turns are cooled 
every five turns throughout.) The combined winding/cooling 
concept is feasible and the associated refrigeration 
requirements can be satisfied for the TFCX application since 
the duty factor is low (<3%). At high-duty factor operation 
the refrigeration requirement for such an option would be 
prohibitive; therefore, this coil cooling option is not 
attractive for reactor application. 

For both superconducting options, the peak field at the 
coil is 10T. A forced-flow conductor design is used 
patterned after the Westinghouse conductor in the Large Coil 
Program (LCP) design. To achieve higher cavity winding 
current densities, changes in the conduit sheath material, 
the helium void fraction, and the winding/reacting process 
have been considered. 

The configuration layout for each of the 
superconducting options is similar and based on the many 
design developments from the FED/INTOR studies of the last 
five years. The configuration features 16 TF coils, six 
superconducting PF coils all located external td the TF 
coils, intercoil support structure that provides access to 
the torus at the device midplane region, adequate external 
device shielding to permit hands-on capability external to 
the device, a single combined vacuum boundary between the 
plasma chamber and the magnet system, a plasma chamber 
vacuum boundary located outboard of the torus, separate 
structure for warm and cold components, and a simplified 
gravity support system. An elevation of the nominal 
superconducting option is given in Fig. 1• 

The prescribed total DT burn time is 2 x 10 5 burn 
seconds. The integrated dose to the TF insulator is less 
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Pump Duct 

FIG.l. Nominal superconducting option: elevation. 

than 2 x 10 rad for the nominal superconducting option, 
which is well below the allowable limit. For the high 
performance superconducting option, the total integrated 
dose to the TF insulator is about 6 x 10 , which although 
higher than the nominal case is still a factor of four below 
the allowable established for the design. 

For the nominal superconducting option, 32 MW of LHRF 
power is required to increase the plasma current to its full 
value of 11,2 MA in the prescribed 50 s for current 
rampup. Initially, 6 MW of ICRF power will be installed 
which, in conjunction with the LHRF power, should be able to 
heat a DT plasma to ignition. This power should be able to 
heat a DD plasma to approximately 50% of the full beta 
value. upgrade of the heating power to a total of about 50 
MW to allow full-beta operation in non-DT operation could 
easily be done at a later time. For the high performance 
superconducting option, the initial complement of RF is 26 
MW of LHRF and 10 MW of ICRF. Later upgrade to a total RF 
power of 36 MW would permit full-beta non-DT operation. 

The two copper TF options (also designated nominal and 
high-performance) are distinguished by the mechanical 
design, the configuration approach, and the materials used 
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Assembly 
(16) TF Coil And Case 

FIG.2. TFCX machine configuration. 

in the TF coils. The nominal copper option uses plate 
copper coils in a complete coil case. The conductor is made 
of oxygen-free, high conductivity (OFHC) copper. The TF 
coils center on a bucking cylinder. The configuration 
arrangement is similar to that used for the two 
superconducting options. An isometric of this option is 
given in Fig. 2. One difference in the configuration is 
that a copper solenoid is used; however, the remaining PF 
coils are superconducting. 

The high performance copper option differs from the 
nominal option in several fundamental ways. The high 
performance copper option uses coils made from copper plates 
which, in the nose region, are high strength beryllium-
copper alloy (50% IACS electrical conductivity, Cu-1.8% Ni -
0.4% Be, (C17510)) tapered to permit the coils to react the 
loads by wedging. No case or bucking cylinder is used in 
the nose region. The high performance TF configuration is 
shown in Figure 3. The size of this option is senstive to 
the strength and conductivity of the TF conductor alloy. 
The present alloy was selected because of the available data 
base and whose material properties are well established for 
larger size stock. The copper material in the outboard leg 
is OFHC copper with a "strong back" coil case. This 
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FIG.3. High performance machine structural configuration. 

approach minimizes the overall size of the device; however, 
it increases the complication of the TF coil and limits 
access which, in turn, complicates maintenance and repair. 

The inboard shield for the copper TF options is based 
on the dose to the TF insulator and not on the 
instantaneous nuclear heat load as in the superconducting 
options. For low fluence devices such as TFCX, this results 
in much thinner shields and overall smaller devices. In the 
nominal copper option, the inboard shield is 12 cm thick 
(compared to the 30-60 cm in the superconducting options). 
The dose to the TF insulator is 1 x 1010 rad (the allowable 
dose). In the spirit of the high performance options, a 
higher allowable dose was specified, allowing the inboard 
shield to be smaller. A dose limit of 1 x 10 11 rad was 
established and an inboard shield thickness of 1.5 cm was 
required. 

In the nominal copper option, a cavity current density 
of 2740 A/cm was used. To minimize the resistive power in 
the TF coils, the current density in the outboard leg was 

"? . . . . 

reduced to about 700 A/cm , resulting in a resistive power in 
the TF coils of 405 MW. In the high performance copper 
option the resistive TF coil power is 333 MW. 

In the nominal copper option, 26 MW of LHRF power is 
required initially to rampup the plasma current. The 
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TABLE I I . TFCX OPTION CHARACTERISTICS 

Superconducting Copper 
Parameter 

Major Radius (m) 
Minor Radius (m) 
Aspect Ratio 
Field on Axis (T) 
Inboard Shielding (m) 
Fusion Power (MW) 
Wall Load (MWm*2) 
Plasma Current (MA) 
Pulse Length (s) 
LHRF Power (MW) 

Nominal 

4.08 
1.52 
2.69 
3.73 
0.62 
267 

0.69 
11.2 
618 
32 

ICRF Power Initial/Final (MW) 6/31 
TF/PF PWR (MW) 
Operating Beta (%) 
C. Mirnov 

-
5.51 
1.5 

Hi Perf. 

3.61 
1.30 
2.77 
4.23 
0.36 
270 

0.92 
10.5 
452 
26 

10/36 

-
5.35 
1.5 

Nominal 

3.35 
1.30 
2.58 
4.00 
0.12 
229 

0.85 
10.9 
458 
26 

7/28 
405/51 
5.76 
1.5 

Hi Perf. 

2.60 
1.04 
2.49 
4.50 
0.015 
197 

1.17 
10.4 
298 
19 

7/26 
333/108 
5.95 
1.5 

i g 

i n i t i a l complement of ICRF i s 6 MW of power. For the high 
performance copper option, the LHRF power requirement i s 19 
MW, and the i n i t i a l complement of ICRF i s 14 MW. Similar 
arguments to those for the superconducting options apply to 
provide the t o t a l RF power capabi l i ty to achieve fu l l -be ta 
non-DT operat ion. 

Selected key parameters for a l l four options are given 
in Table I I . 

4. COSTS 

Cost estimates were developed for each of the four 
options on a consistent basis using a cost data base 
developed from past experience in the US fusion program. 
The cost for many systems and components were estimated on a 
per unit pricing (e.g. dollars per watt, dollars per 
kilogram, etc.). Costs for other systems were estimated on 
a "bottoms up" technique. Total costs, including R&D and 
contingency, and sited at an existing DoE installation, 
range from about $1 billion1for the high performance copper 
device, to a little over $1.3 billion for the nominal 
superconducting option. 

1 One billion = 109. 
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DISCUSSION 

W.M. LOMER (Chairman): Have you prepared relative cost estimates for 
superconducting as opposed to copper-coil machines? 

J.A. SCHMIDT: The high-performance copper option was cheapest and was 
estimated to cost about US $850 million (1984) if constructed at an optimum 
existing site. The nominal superconducting TF option would cost 
US $1150 million (1984). 
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Abstract 

COMPACT TOKAMAK HYBRID REACTOR SYSTEMS. 
Analyses are presented of hybrid reactor systems which utilize compact high-field tokamak 

fusion power cores and conventional LMFBR blanket technology. The systems have subcritical 
external blankets possessing inherent safety advantages relative to a comparable fast reactor. 
High in situ fuel enrichment in the fast-fission blanket lattice enables natural uranium fresh 
fuel reloads in a once-through equilibrium fuel cycle. A high-field tokamak experiment designed 
to demonstrate ignition and equilibrium burn, which utilizes water-cooled high strength CuBeNi 
magnets, is described. 

1. INTRODUCTION 

Hybrid reactor systems which utilize compact, high-field 
tokamak fusion power cores (FPCs) and LMFBR blanket 
technology!! 1 ] differ significantly from superconducting tokamak 
reactor concepts in size, cost and maintainability. In addi
tion they compare favorably with LMFBR reactors in terms of 
safety and neutronic performance measures. The inclusion of a 
hybrid blanket substantially reduces the plasma beta and the 
first-wall thermal flux requirements of the FPC compared to a 
pure fusion system[2]. 

The FPC is a high-field tokamak design using water-cooled 
high-strength copper alloy magnets. D-T ignition is reached 
using intense ohmic heating supplemented by <10 MW of ICRF 
auxiliary heating. The relatively inexpensive fusion core is 
replaced after 2-4 months, which corresponds to a neutron flu-

2 ence limit of 10 MW-years/m . 

* Present address: Nuclear Research Centre Negev, Beersheba, Israel. 
** Los Alamos Scientific Laboratory, Los Alamos, NM, USA. 
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A distinguishing feature of these hybrid systems is that 
the blanket is placed external to the FPC. The inversion of 
the coil/blanket geometry, compared with superconducting 
machines, separates the energy conversion and breeding function 
of the blanket from the fusion source. The external blanket 
provides geometric flexibility and circumvents the spatially 
constrained curved geometries of conventional internal fusion 
hybrid blankets. Owing to the fusion neutron source, the 
reactivity requirements are relaxed and the breeding potential 
is high. Moreover, the blanket has either lower power den
sities or heavy metal inventories than comparable fission 
systems. 

2. FPC SYSTEMS STUDIES 

Detailed systems studies[31 have delineated the parameter 
space of ignitable tokamak designs which use highly-stressed 
high-power density magnets. These designs encompass a trade
off between the constraints of the magnets and the constraints 
of plasma physics. The principal uncertainty in the minimum 
parameters is the energy confinement scaling. Such designs, 
having major radius R < 1 m, exist for all currently popular 
scaling laws. Typical toroidal fields and aspect ratios range 
from 20 T at 3.5 to 10 T at 2.0. Recent developments in the 
manufacture of high-strength, high-conductivity alloys[M] have 
made designs in this range feasible. Toroidal currents are 
approximately 8 MA. The ohmic heating power is typically 0.5 
to 1.0 times the required ICRF auxiliary heating. These 
studies suggest that the minimum size of ignitable designs is 
about 0.6 m. 

3. IGNITION AND EQUILIBRIUM BURN EXPERIMENTS 

An experimental program to scan ignition and burn parameter 
space is underway. This experimental program is designed to 
optimize the parameters for a commercial hybrid FPC. A cost-
effective plan involves construction of a small family of 
devices of differing dimensions. The manufacturing cost of 
each such compact tokamak is only a few percent of the cost of 
the complete experimental program. 

The initial FDX-1 experiment, designed to demonstrate 
ignition and equilibrium burn, is shown in Figure 1. The 
parameters are R = 1.0 m, a = .385 m, K = 1.3, B = 14.5 T, and 
I = 8.0 MA. The TF magnet consists of 32 bunches of 7 coils 
fabricated from a CuBeNi alloy with ceramic oxide coatings to 
provide turn-to-turn insulation. The OH coil is a canned, 
Bitter-plate solenoid which produces 13.5 Wb and develops a 
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FIG. 1. FDX-1 experiment. 

maximum 30 T field. Peak power dissipation in the TF and OH 
systems is 640 MW and 400 MW, respectively. The coils are 
cooled by a 4000 kg/s water blow-down system. ICRF heating 
(10 MW) at the second harmonic of deuterium is included. The 
ICRF is maintained until ignition is reached. Plasma fueling 
is by pellet injection. At ignition the plasma beta is 2% with 

21 3 
the line average density near 10 /m . Following ignition, 
during the thermal runaway phase of the discharge, the plasma 
current and the toroidal field are reduced and the density 
adjusted until the operating point of the plasma is at or near 
the maximum beta limit. If the beta limit is characterized by 
a nondisruptive enhancement of the plasma transport, it pro
vides the necessary burn control. Otherwise, active burn 
control measures will be used. The equilibrium fusion neutron 
output is designed to be 200 MW. The OH flux and water cooling 
systems will allow the maintenance of burn for 20 s, which is 
ample for the plasma current distribution, alpha ash and 
impurities to reach equilibrium. The first wall is protected 
by graphite tile. A pumped limiter is used to control helium 
ash buildup. 

The FDX-1 design uses technology which is a zero-order 
embodiment of the FPC for a commercial hybrid system. A com
mercial FPC would be made as neutron-transparent as possible to 
maximize neutronic performance and as simple as possible to 
facilitate replacement. One of the principal goals of the 
experimental program is to determine the minimum sizes and 
fields of ignitable reactors. 
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FIG.2. Hybrid primary reactor system. 

H. HYBRID SYSTEM DESCRIPTION 

All fission technologies are candidates for application 
with compact tokamak- driven external blankets. The primary 
advantage of a fast lattice blanket, either gas or liquid metal 
cooled, is high neutronic performance. The primary disadvan
tages are larger fuel inventories, lower heat capacity, higher 
power density and generally more significant safety/licensing 
concerns than for thermal lattice systems. For the current 
study, LMFBR technology was selected based on: 1) good tech
nical base suitable for early commercial deployment, 2) excel
lent liquid metal heat transfer, and 3) high neutronics 
performance potential. 

The overall primary system arrangement, shown in Figure 2, 
resulted from the desire for a geometrically simple arrangement 
employing conventional fission fuel technology. The entire 
primary system is contained within a steel reactor vessel and 
is similar to a loop-type LMFBR, except that the core is 
replaced with an FPC and the outer radial and upper and lower 
axial blankets contain Li 0 tritium breeding zones. 
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Fissionable fuel is contained only in the radial blanket. 
This minimizes the complexity and connections in the axial 
zones which contain access plugs for blanket fuel management, 
blanket wall, and other component and fusion core maintenance, 
inspection and changeout. Coolant plenums and manifolding are 
also located in the axial zones. The inner portion of the 
radial blanket is comprised of fuel assemblies containing 
vertical cylindrical fuel rods in a triangular lattice with 
upflow sodium cooling. The fuel material is mixed carbide with 
12 Cr-1 Mo (HT9) ferritic steel cladding. 

The selection of carbide/sodium as the fuel and coolant 
combination represents a compromise between technology status 
and performance. Carbide fuel is selected owing to superior 
neutron economy, thermal conductivity and burnup capability 
compared to oxide fuel. Sodium cooling is selected over 
liquid-lithium coolant owing to the significant worldwide 
experience with sodium. The lower density and higher specific 
heat of lithium coolant would result in lower coolant pumping 
powers and higher fuel densities than for sodium. A less ener
getic FPC leakage spectrum, corresponding to thicker toroidal 
field coils, is acceptable with carbide fuel compared to oxide 
fuel due to improved neutron economy. The high thermal con
ductivity of the carbide fuel results in low fuel temperatures, 
mitigating fuel thermal cycling effects inherent to nonsteady-
state operation of tokamaks. 

Li_0 is selected as the tritium breeding medium for system 

simplicity and enhanced safety. This avoids the necessity of a 
substantial liquid lithium inventory. The Li?0 is gas cooled 

(He or CO ). Only the fission zone heat is used for conver
sion to electricity via a conventional sodium system with an 
intermediate loop. 

5. BLANKET ANALYSES 

Blanket neutronic performance is sensitive to the FPC 
leakage spectrum after energy degradation of the D-T source 
neutrons due to coils and other structures that intervene 
between the plasma and blanket. The FPC leakage spectrum is 
most dependent on TF coil thickness. Aspect ratio, FPC-to-
blanket separation gap, and intercoil streaming are also impor
tant. Finally, resonance self-shielding must be properly 
represented in computations, and there is experimental evidence 
that current copper ENDF data significantly underestimate for
ward peaking in inelasticC5] and elastic[6] scattering. 
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FIG.3. Fusion power core neutron leakage spectrum. 

A thick TF magnet results in a soft FPC leakage spectrum 
and reduced neutronic performance (i.e. neutron and energy 
multiplication). However, ohmic dissipation and hence 
recirculating power fraction are also reduced. For overall 
system performance, the above effects nearly cancel over a 
range of typical TF thicknesses. For the hybrid design, a 
thick TF coil was selected. A three-dimensional Monte Carlo 
calculation using the MCNP code[7] with continuous energy cross 
sections was performed to obtain leakage spectra for the radial 
and axial blankets. The resulting FPC leakage spectrum plotted 
in Figure 3 is similar to that of a fast reactor blanket with a 
superimposed 14.1 MeV spike. The total leakage was 0.91 
neutrons/fusion with 0.18 at 14.1 MeV. 

The leakage spectra were subsequently used as FPC surface-
shell sources in one-dimensional spherical geometry ANISNÜ8] 
models to conduct parametric studies of neutronic performance 
for the axial and radial blanket zones. The fission lattice 
thickness and enrichment were selected to give the desired 
blanket-energy multiplication and tritium breeding. Subse
quently, the blanket inner radius, fuel rod diameter, pitch-to-
diameter ratio, and length were chosen to obtain the desired 
neutronic performance and linear heat rate while minimizing 
fuel inventory, number of fuel rods, and coolant pressure drop. 
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TABLE I. DESIGN PARAMETERS FOR A HYBRID ELECTRIC PLANT 

PLANT 

NET ELECTRIC POWER, MW(e) 
GROSS ELECTRIC POWER, MW(e) 
RECIRCULATING POWER, MW(e) 
RECIRCULATING POWER FRACTION 

FUSION POWER CORE 
MAJOR RADIUS, m 
TF COIL ASPECT RATIO 
TF COIL BURN FIELD, T 
3 (BURN), % -
FIRST WALL HEAT LOAD, MW/in 
FUSION POWER, MW(th) 

BLANKET (END OF EQUILIBRIUM CYCLE) 
FISSION ZONE THICKNESS, m 
INNER RADIUS, m 
FUEL ROD: NUMBER 

DIAMETER, mm 
PITCH/DIAMETER RATIO 
LENGTH (ACTIVE), m 

THERMAL POWER, MW(th) 
SODIUM INLET TEMPERATURE, C 
SODIUM OUTLET TEMPERATURE, C 
MAXIMUM FUEL TEMPERATURE, °C 
ROD AVERAGE LINEAR POWER, kW/m 
NO. OF RADIAL ENRICHMENT ZONES 
AVERAGE FUEL ENRICHMENT, % 
HEAVY METAL INVENTORY, t 
BREEDING RATIO: FISSILE 

TRITIUM 

Reaction rates as a function of blanket composition were 
obtained from one-dimensional ANISN calculations for iterative 
time-step burnup calculations. Full three-dimensional Monte 
Carlo calculations of the FPC with blanket were conducted to 
determine performance values at the beginning and end of the 
equilibrium fuel cycle (EOEC). 

6. HYBRID PLANT PERFORMANCE 

Two specific hybrid plant designs were chosen for detailed 
analysis. Table I lists the key design and performance param
eters for plants of 600 MW(e) and 1200 MW(e) rating. Both 
plants use the same FPC, having a 0.65 m major radius and 2.28 
aspect ratio, to drive blankets of differing energy multi
plication; M = 8.2 and 11.1 (at EOEC) for the 600 MW(e) and 
1200 MW(e) plants, respectively. 

For the 1200 MW(e) plant, the FPC is assumed to operate 
with a plasma 3 = 0.15. This plant has a recirculating power 
fraction of 0.23. Operation at lower 3 is feasible, but 

600 
901 
302 
0.31* 

0.65 
2.28 
9.1 
15 

10.5 
391 

0.25 
2.05 
42800 

8 
1.20 
3.5 
2563 
385 
538 
760 
17.1 

3 
8.0 
75 

0.51 
1.10 

1200 
1567 
365 
0.23 

0.65 
2.28 
9.6 
15 

13.0 
186 

0.35 
2.05 
61270 

8 
1.20 
3.5 
4317 
385 
538 
800 
20.1 

3 
7.5 
107 
0.83 
1.10 
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requires higher burn fields (B a g 2) to maintain the same 
fusion power. Hence greater recirculating power or alternately 

2 
a higher blanket multiplication is required. The 13 MW(th)/m 
first wall load results in a 2.4-month FPC lifetime to reach a 

2 
10 MW-year/m exposure limit. The blanket lattice is far sub-
critical (K f f ~ 0.7) so that reactivity excursions are pre
cluded. The moderate K __ requirement relaxes fuel density 

eff 
constraints, permitting selection of more open and coolable 
lattice geometries. The external blanket has enhanced access 
for instrumentation and inspection/maintenance. The low fuel 
rod heat rate of 20 kW/m could be arbitrarily reduced by more 
distant placement of the blanket from the FPC, thus increasing 
power-to-melt and related safety margins. Heavy metal inven
tory is comparable to a fast reactor, but fuel enrichment is 
lower. 

The plant produces 1.7 tons/year of fissile plutonium, which 
is more than double that of an equally electrical rated fast 
breeder, in addition to being tritium self sufficient. Alter
natively, thorium can be used for all or part of the blanket's 
fertile material; albeit the blanket design must compensate for 
reduced fast fission. 

The equilibrium fuel cycle consists of loading natural UC 
fuel into the innermost of three radial rows of assemblies. 
The assemblies are shuffled (with 180-deg rotation) at nine-
month intervals which correspond to a multiple of the FPC 
replacement frequency. There are three azimuthal fuel age 
zones per radial zone for further reduction of power peaking. 
All fuel enrichment occurs in situ as the fuel is removed 
through the nine fuel age zones before ultimate discharge at 
88 000 MWd/Mt and 9.5% plutonium content. The enrichment rate 
is initially very rapid such that potential exists for in-situ 
enrichment of fabricated fission reactor fuel rods. 
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DISCUSSION 

W.M. LOMER (Chairman): Could you say something about the copper or 
copper alloys to be used in these compact machines? 

R.A. SHANNY: The copper alloys are based on proprietary development 
work by INESCO Inc. The yield strength is 158 000 psi at 56% of IACS. 

R.W. CONN: What is the principal difference between Ignitor and FDX-1? 
R.A. SHANNY: FDX-1 has steady operating coils which are suitable for 

burn studies. Ignitor would melt if the plasma were to ignite and is not suitable 
for studying burning plasmas. 

J.A. SCHMIDT: What was the engineering design basis for the stress in the 
coils? 

R.A. SHANNY: We have proceeded on the basis of 90% of yield stress in 
INESCO's copper, which has 8 — 10% ductility. The design basis was more than 
10 000 cycles at design field and operating temperature consistent with thermal 
stability. 
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Abstract 

DEVELOPMENTS IN NEUTRAL INJECTION HEATING. 
Performance data obtained from hydrogen injectors developed for auxiliary heating in 

JET are given. The injectors have operated at 80 kV with a current of 60 A for pulse lengths 
of 5 seconds. This beam energy is close to the limit at which positive ion systems are acceptably 
efficient, owing to the rapid decrease of the charge-exchange cross-section with particle kinetic 
energy. Higher energy beams may be produced using negative ion beams, due to the large 
cross-section for electron detachment. An H~ source based on volume production in a hydrogen 
gas discharge is being developed to meet future needs. 

1. INTRODUCTION 

The requirement of auxiliary heating in JET by neutral beams has led to the 
development of 80 kV, 60 A hydrogen injectors capable of extension to 160 kV, 
30 A in deuterium [ 1 ]. These sources have been developed in a joint programme 
undertaken by JET, the Fontenay-aux-Roses Laboratory of the CEA, and Culham 
Laboratory. The 80 kV unit, shown schematically in Fig. 1, uses a magnetic multipole 
plasma source [2] with a four-electrode multi-aperture accelerating structure [3]. 
The main design criteria were: high reliability; compatibility with the active phase 
of JET; high beam transmission into the access of JET 0*25 cm) at 8.5 m from 
the source; high H* ratio (84%) to maximize power in the full energy neutral 
particles injected into JET. The performance data for 80 kV operation, obtained 
during testing at Culham, are reported in Section 2. 

The neutral beam heating of larger size toroidal systems will require higher 
energies per nucleón, and hence injection systems based on negative ions [4]. To 
meet this need we have investigated an H~ source based on volume production, 
following the work of Bacal et al. [5]. This investigation is reported in Section 3. 
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filaments 

FIG. 1. JETneutral injector. 

2. THE JET ION SOURCE 

2.1. Plasma source 

The plasma source used is based on the 'magnetic multipole' source used for 
injection on DITE [2] (see also Refs [6—8]). Initially a checkerboard configuration 
of magnets was used with alternative north and south poles inwards towards the 
plasma volume. This gave a large magnetic field-free volume, and consequent-
excellent uniformity (Fig.2), but a modest H+ fraction of 65—70% and a high Hj 
fraction of 25% (Fig.3). 

This configuration has been modified to produce long range magnetic fields 
within the source ('filter'), which modify the spatial variation of the electron 
energy distribution and the potential gradient. This has been shown experimentally 
to lead to an increase in the H+ fraction [8, 9]. The chosen configuration gives 
85-88% H+ and 12% H+ (Fig.3) with reduced but adequate uniformity (Fig.2) 
(other configurations give higher H+ fractions but unacceptable uniformity). 

Both sources operate efficiently at low pressures (0.34 A/kW at 3 mtorr) 
and stably during the phase of switch-on. 

2.2. Accelerator design 

The accelerator design has already been described in detail in the literature [3]. 
A water-cooled four-electrode structure with circular apertures is used. Each 
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FIG.3. Variation of H+fraction with current: checkerboard (O); checkerboard plus filter (x). 
Data are obtained by magnetic analysis. Data from optical analysis of Ha are 2-4% lower. 

electrode is physically divided into two halves, which are inclined so as to aim 
the two half-beams at a crossover point 14 m from the source. Each half set is 
designed, using aperture offset [10, 11], to focus the beam to 14 m in the vertical 
plane and 10 m in the horizontal plane. 

2.3. Beam transport 

The transport of the beam along the beam line through a series of beam-
defining apertures with restrictive acceptance [ 1 ] is a critical aspect of the 
performance of the JET injectors. In the development of these sources we have 
investigated the details of beam transport both experimentally and theoretically. 
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FIG. 4. Variation of beam profile in horizontal plane along beam line (full width, half maximum). 
Calculated variation with focal length = 5 m for different beam divergences. 

• Experimental data from optical techniques. 
+ Experimental data from distributed calorimeters. 

2.3.1. Beam profiles 

The beam profiles have been measured at several points along the beam line 
using both optical and calorimetric techniques, as already described in the 
literature [12]. Some of the data obtained are shown in Fig.4 for the grid as 
originally designed. 

The data can be compared with results from numerical simulation (using the 
computer code ZAP) based on tracing the straight line trajectories of particles 
emitted from the source [13]. Some typical results of such calculations are also 
shown in Fig.4. Initially the beam converges owing to focussing; later it expands 
owing to beamlet divergence. From this type of data analysis we are able to assign 
values of focal length and divergence. 

The profile data also lead to a measurement of the stability of the beam 
alignment during a 5 s pulse. A movement of about 1-1.5 mrad in the horizontal 
plane is observed during a 5 s pulse at 75 kV, 58 A. 

2.3.2. Neutral particle emission 

The emission diagram of neutral particles in the vertical plane has been 
measured at 10 m from the source [14]. From this emission diagram the beam 
steering for each of the 26 rows of apertures in the vertical direction and 
consequently the vertical focal length, can be derived. An example is given in 
Fig.-5 for a grid set with aperture offsets of 60% of the original design value. 

The experimental data also give values for the angular separation of trajectories 
coming from separate rows of apertures (at the 10 m slit position). These agree 
within 1% with the angle subtended at the slit by the apertures in the electrodes, 
indicating that the particles travel in straight lines. 

Neutralizer 
exit 

_J 
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FIG.5. Steering angle for each row of beamlets. The straight line is the least squares fit from 
which focal length F is derived. 

2.3.3. Results 

The data on beam transport show: 

(a) The measured focal lengths of the original grids are 7.3 ± 0.5 m and 
5.1 ± 0.5 m in the vertical and horizontal directions respectively, compared 
with the design values of 14 m and 10 m. This indicates a beamlet steering 
of 40 ± 3 mrad per mm of offset, twice the design value. Measurements on 
sets of other electrodes with differing values of aperture offset also give values 
consistent with this steering factor. By re-drilling the electrodes to change 
the aperture offset, the required focusing has been achieved. 

(b) Beam divergences of 10 ± 1 mrad are obtained at 70-80 kV, perveance match. 
(c) Beam transport is well described assuming straight line trajectories, indicating 

that the net effects of space charge and magnetic forces are negligible [ 15 ]. 

2.4. Power accountability 

Calorimetric measurements of the heat loading to the source, accelerator, 
electrodes, neutralizer and beam dump enable the total power accountability to 
be calculated. In a typical case the results shown in Table I are obtained. 

2.5. Reliability tests 

The series production sources are being tested for reproducibility and 
reliability. Sources are operated, conditioned and characterized and then tested for 
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TABLE I. TOTAL POWER ACCOUNTABILITY 

Component Measured power as 
fraction of IVt 

Beam dump 21.0 X 50.0 cm at 8.5 m from source 

Second aperture at 8.5 m; (36—21 cm) X 50 cm 

Source 

Electrodes (including neutralizer) 

Total power accounted for 

70 ± 5% 

19 ±3% 

5 ±2% 

2 ± 0.5% 

96 ± 8% 

80 60 

0 1 2 3 « 5 6 7 
t ( s ) 

0 1 2 3 4 5 6 7 
t(s) 

FIG. 6. Waveform of beam current and voltage during a 5 s pulse at 60 A, 80 k V. 

100 pulses. Data for a typical 5 s pulse at 80 kV, 60 A are shown in Fig.6. 
Normally 1500—2000 pulses are required to condition to 75 or 80 kV. In the 
subsequent 100 pulses the average breakdown frequency in a 5 s pulse is low 
(0—3 per pulse). 

3. H" ION SOURCE 

Experimental studies at Culham have concentrated on the production and 
extraction of H" ions using magnetic multipole sources. This work follows the 
observations by Bacal and co-workers [5 ] of high densities of H~ ions in similar gas 
discharge sources, including the long range 'filter' magnetic fields used at Culham 
in H+ sources (Section 2.1). 

Bacal et al. proposed that the high densities arose from the high cross-section 
for H~ formation by dissociative attachment of thermal electrons of vibrationally 
and rotationally excited molecules. Their model has two implications. First, the 
H~ ion density should rise linearly with plasma density, since production is a two-
step process, whilst destruction by ion-ion recombination is a single-step process. 
Second, the relative density of H~ ions depends on the ratio of the density of 
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FIG. 7. Magnetic multipole source for H~ production, with electron trap. 

energetic electrons which produce ionization and excitation to the more dominant 
density of thermal electrons which almost equals that of the positive ions. 

In early experiments at Culham [16, 17], probe measurements in localized 
filter magnetic fields also showed high H~ densities and gave data on scaling of 
density with source parameters in good agreement with the model proposed by 
Bacal et al. [5]. Subsequent experiments with low energy extraction (200 V) 
showed the possibility of extracting H~ currents (up to 1 A) with low electron 
fraction, but that higher energy extraction (25 kV) led to excessive electron drain. 

To reduce the electron drain at high energies, a new ion source has been 
built [18] (Fig.7). It incorporates a long range filter magnetic field in the source 
volume and a localized magnetic trap for electrons in the extraction region. 
6—8 mA/cm2 of H~ ions have been extracted with < 10% electron component. The 
H" current increases linearly with arc discharge current and is at present limited by 
the arc supply. The electron current increases quadratically, implying that it is 
determined by the rate of collisional diffusion across the magnetic field in the 
extraction gap. 

Langmuir probe measurements within the plasma show an axial variation of the 
H"andH+ ion densities which is pressure-dependent (Fig.8). The data imply that 
H- ions are produced at the rear of the source and move to the extraction plane, 
being attenuated by ion-molecule stripping collisions. 

This interpretation implies that higher H~ currents, approaching 
20—30 mA/cm2, could be extracted using a recessed extraction electrode. This 
level of current density is compatible with requirements for the next generation of 
large toroidal fusion machines. However, the electron current extracted would 
rise more rapidly and would dominate. Consequently our present experimental 
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FIG.8. Reduced probe data in H~ ion source showing axial variation of negative and positive 
ion densities. 

programme is aimed at reducing the electron fraction in the source (currently 
at 0.35) and improving the magnetic trap in order to suppress electrons in the 
extraction region. 

4. CONCLUSION 

The 80 kV, 60 A ion sources for JET have been tested to full performance 
and for reliability. The tests show that the specification in terms of high H* ratio, 
low beam divergence and high beam transmission can be met and that source 
operation for long pulses is reliable. 

Recent experiments on H" ion sources show that adequate current densities 
should be achieved and place the emphasis on further reduction in the extracted 
electron flux. 
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Abstract 

DEVELOPMENT OF HIGH-PERFORMANCE NEUTRAL-BEAM INJECTOR AT JAERI. 
Neutral-beam injectors have been constantly improved at JAERI, especially in beam 

quality (proton ratio, impurity content), beam energy, pulse length and in reliability and 
availability of the system. Some of these achieved performances are close to the limit of 
positive-ion-based injectors. The development of a negative-ion source, for increased power 
efficiency, is also in progress. 

1. INTRODUCTION 

For the next-generation fusion devices, neutral-beam injectors will be required 
to produce high-power, long-pulse beams reliably over a wide range of parameters 
with reasonably high power efficiencies. High beam quality (high proton yield of 
the ion beam, low impurity content, low beam divergence, etc.) is also required 
to obtain high injection heating efficiencies. While high power efficiencies will 
primarily be achieved after some development effort in the area of the energy 
recovering system or the negative-ion-based injector system, much of the rest of 
the performance required such as long pulse length, high beam energy, and high 
beam quality has been achieved or is being achieved by systems now under 
construction at JAERI. The reliability and availability of the system have also 
been highly improved in recent years. In the present paper, we intend to describe 
these advanced performances briefly from the physical and technological viewpoints, 
in relation to future fusion systems. The present status of negative-ion-source 
development will also be described. 

2. FACILITIES 

Improvement and development have been carried out by using the following 
facilities: a prototype injector unit [ 1 ] — equivalent to one of the 14 injector 

329 



330 OKUMURA et al. 

units for the JT-60 tokamak [2] — which can produce multi-megawatt beams 
quasi-continuously, and a 200 keV helium beam injector [3], which has been 
developed as a diagnostic system for measuring the central ion temperature of the 
JT-60 plasma and which is used to develop high-energy handling technology as well 
as low-divergence beam production. Both the improvement of the positive-ion 
source and the development of the negative-ion source are carried out at Injector 
TestStand2(ITS-2)[4]. 

3. TOPICS RELATED TO THE POSITIVE-ION-BASED INJECTOR 

3.1. Long pulse 

Production of quasi-continuous beams is required for future injectors. In 
this context, the prototype injector unit has already demonstrated 7 MW 
(100 keV, 70 A) ion beam production with two ion sources for a duration as long 
as 10 s [5]. Since any thermal time constants of the beam line hardware are less 
than about 2 s, the multi-second beam is equivalent to a continuous-rating beam. 

3.2. High-energy beam with high proton yield 

To achieve a reactor grade plasma, deep penetration of the neutral beam into 
the target plasma is necessary. For this purpose, the fraction of the full-energy 
component in the neutral beam has been increased as was also the beam energy. 
Although the standard beam energy for JT-60 is 75 keV, the prototype injector 
has proven its capability of delivering a beam of up to 100 keV, whose penetration 
depth is equivalent to a 200 keV deuterium beam. The full-energy component 
has been enhanced by employing a high-proton-yield ion source [6], which produces 
more than 90% proton yield ion beams, as opposed to less than 80% proton yield 
of the original ion source [7]. Figure 1 (a) shows the momentum spectrum of the 
neutral beam. The neutral beam was analysed by a momentum mass analyser, 
after having been re-ionized in a hydrogen gas cell, which gives a 90% 
re-ionization equilibrium condition for full-energy hydrogen. The full-energy 
component in the neutral beam amounts to about 67% for the particle ratio 
(82% for the power fraction) in this case, which translates to 91% proton yield at 
the ion source. 

Owing to this improvement in the energy distribution, exclusive heating of the 
central, plasm a core can be expected even for a high-density plasma. Figure 2 
shows an example for the computer calculation of the beam deposition profiles 
in the high-density plasma (<ne> = 1020 m~3) of JT-60 for both the original (75 keV, 
80% proton yield) beam and the improved (100 keV, 91% proton yield) beam. 
In typical JT-60 plasma conditions, the ion temperature is expected to rise 
by about 20%, by this improvement. 
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(a ) ( b ) ( c ) 

FIG.l. Example for momentum spectrum of neutral beam: (a) hydrogen, (b) low-Z, 
(c) high-Z impurities. Neutral beam is analysed after re-ionization in hydrogen gas cell whose 
line density is 1.2 X 1016molecules-cm'2. Beam energy is 75 keV. 
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FIG.2. Comparison of beam power deposition profiles in JT-60 plasma between original 
(75 keV, H\:H^:Ht = 80:14:6), and improved (100 keV, Ht:H$:H$ = 91:7:2) beams. 
Deposition profiles for each species are also shown. 
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3.3. Low impurity content 

The impurity concentration in the beam is an important parameter, because, 
as is well known, impurities injected into the plasma radiate intensively, and have 
a cooling effect. The neutral-beam injectors built so far contain, in general, 
both a few per cent low-Z impurities (such as oxygen or carbon) and more than 
0.1% high-Z impurities (such as Cu, Zn, Mo, W) [8], These levels should be reduced 
in future devices. 

Since the low-Z impurities come from the wall surface of the ion source as a 
result of reactions with hydrogen, discharge cleaning is effective in reducing 
their level. For JT-60, repeated short-pulse beams are extracted onto a retractable 
calorimeter during the shot-to-shot injection intervals. This helps to reduce the 
low-Z impurity level in the subsequent injection beam. In addition, the source 
plasma is generated 1 to 2 s before the acceleration voltage is applied in the actual 
injection pulse. This phase difference is effective in reducing the low-Z impurities 
in the source plasma to a steady-state level. By this control sequence, we achieved 
an impurity content in the prototype injector unit of 0.2—0.3% (particle ratio in 
the neutral beam) for the total low-Z impurities. 

Of the high-Z impurities, Cu, Zn, Ag and Mo impurities originate from fila
ment supports and the accelerator grid of the ion source, as a result of sputtering. 
These impurity levels depend largely on the bias voltage of the filaments and the 
grid. The tungsten impurity, which is the dominant impurity in the multipole 
line cusp source, originates from filaments by sputtering and evaporation [9]. To 
suppress the evaporation rate, we have to keep the filament temperature low. A 
too low temperature, however, makes the arc voltage too high, which results in a 
high sputtering yield. Thus, we operate the ion source with an arc voltage of 
60—80 V by regulating the filament temperature. By selecting the ion source 
materials and optimizing the operating parameters, we achieved a high-Z impurity 
content of about 0.01% (particle ratio in the neutral beam) in the prototype 
injector unit. 

Figures 1 (b) and (c) show an example for the momentum spectrum of the 
neutral beam. In this case, the impurity content in the neutral beam is 0.2% for 
low-Z impurities and 0.01% for high-Z impurities. 

3.4. Power supplies and beam control 

For future injectors, it is necessary to decrease the power loss in the power 
supply system in order to obtain a high power efficiency. However, the series 
tube used so far for switching and regulating purposes causes a significant amount 
of power loss. From this point of view, elimination of the tube will be inevitable 
in future systems. Thyristor switches were used at some laboratories [10, 11], but 
they have no regulating functions. At JAERI, we developed a voltage-regulated 
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power supply system using gate turn-off thyristors [12, 13]. This system is being 
used at the prototype injector unit and provides reliable beam extraction. 

Beam control is an important issue for the time evolution of the target 
plasma. The JT-60 NBI system is composed of 14 injector units, where beam 
energy and pulse timing of each unit can be set up independently. Therefore, a 
smooth evolution of the total heating power can be obtained both by pre
programmed and real-time feedback control. 

In addition, the JT-60 neutral-beam injector has the capability of changing 
the beam energy within a pulse. This will drastically alter the NBI concept and 
considerably increase the availability of the system since the beam energy can be 
matched to the plasma density at any instant. For this purpose, the accel voltage, 
the arc power input, the reflecting magnet coil current, and gas inlet valve are 
thyristor-phase-controlled simultaneously, in accordance with the pre-programmed 
beam energy evolution. The time required to change the beam energy from 50 to 
100 keV is estimated to be 1.5 s. 

3.5. High-energy approach 

Although 100 keV is sufficient for a hydrogen beam system, high energies 
exceeding 200 keV will be required for deuterium systems. This requires the 
development of high-voltage handling technologies, in particular of the ion source 
and the power supplies. The 200 keV helium beam facility is constructed 
primarily for particular use in a diagnostic system, but its development is based on 
an extrapolation of the present neutral-beam technology [14]. The ion source 
with a three-stage extractor has already produced 195 keV He+ beams, the highest 
energy range in the neutral-beam technology, with a rated current of 3.5 A. 
These results enabled us to confirm that no serious problems exist in the 200 keV 
energy range. 

Another purpose of this facility is to produce extremely low-divergence beams. 
The beam divergence achieved so far is about 0.33° (e-folding half-width divergence), 
but we hope confidently to achieve much lower beam divergences since a low 
beamlet divergence of about 0.2—0.25° has already been obtained in pinhole 
camera measurements. 

4. DEVELOPMENT OF NEGATIVE-ION SOURCE 

To achieve acceptable power efficiencies at energies in excess of 200 keV, 
injectors based on negative ions will be required for future devices. Out of many 
methods of producing negative-ion beams, the volume production method [15] is 
most attractive because it needs no caesium handling and the structure of the ion 
source is simple enough to be able to be scaled up. 
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As a first step in the development of a negative-ion source, the yield of 
volume-produced FT ions is investigated in several configurations of multipole line 
cusp plasma sources as a function of plasma density, gas pressure, electron 
temperature, and other operating parameters [16]. At optimum conditions, 
an H" ion beam with a current density of 12 mA-cm-2 is extracted at a beam 
energy of 10 keV for 0.2 s. Since the gas pressure in the plasma source is as low 
as 0.5 Pa, high gas efficiency is expected. The Iow-Z impurity content in the beam 
is less than 1—2%. Extractor scale-up is being planned, at present. 
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Abstract 

SUMMARY OF THE MIRROR ADVANCED REACTOR STUDY (MARS). 
The Mirror Advanced Reactor Study (MARS) is a conceptual design of a 1200 MW(e) 

commercial tandem mirror reactor for electricity and synfuels (methanol) production. Thermal 
barrier end plugs of the TMX-U/MFTF-B type allow steady-state ignition of a 130 m long central 
cell DT plasma. Compact gridless direct converters supply all the plant auxiliary power. The 
simple lead-lithium eutectic-cooled blanket has high neutron energy multiplication (1.36) as 
well as a low tritium inventory (< 8 g), and it will not melt in accidents. 

* Work performed under the auspices of the US Department of Energy by the Lawrence 
Livermore National Laboratory under Contract No. W-7405-ENG-48. 
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1. INTRODUCTION 

The Mirror Advanced Reactor Study (MARS) [1] is a recently 
completed two-year study of a commercial tandem mirror reactor, 
which incorporates current plasma confinement concepts of the 
Tandem Mirror Experiment-Upgrade (TMX-U) [2] and the Mirror 
Fusion Test Facility (MFTF-B) [3], together with advanced 
engineering design concepts for efficient production of 
electricity and synfuels. The general objectives of the MARS 
study were (a) to design efficient tandem mirror reactors— 
both for electricity and synfuels production—consistent with 
physics and technology constraints; (b) to identify important 
new physics concepts and technologies to improve reactor 
economics; and (c) to exploit the potential of fusion for 
improved safety, lower activation, and simpler disposal of 
radioactive wastes compared with fission. 

The study emphasized attractive features of the tandem 
mirror concept, namely: steady-state operation; linear central 
cells with simple, low-maintenance blankets; low, first-wall, 
heat fluxes (<10 W/cm^); no driven plasma currents or 
associated disruptions; direct conversion of charged-particle 
fusion energy; natural impurity diversion along the plasma 
edge; a high-beta plasma; and small-diameter magnets. 

2. KEY FEATURES OF THE MARS DESIGN 

The MARS electrical power plant (Fig. 1) has a 130-m-long 
cylindrical central cell capable of producing 2600 MW of fusion 
power in steady state. Table I lists the major reactor 
parameters of MARS. As shown, neutron energy multiplication 
(1.36) in a liquid, lead-lithium (Li^7Pbs3), eutectic-
cooled blanket (Fig. 2) increases the thermal power to 
3349 MWth. An efficient power cycle (40%) plus efficient 
direct conversion of the plasma exhaust from the ends (Fig. 3) 
leads to 1200 M!We net electrical power—equal to 46% of the 
fusion power. Because electrostatic potential barriers 
suppress ion leakage from the ends, direct conversion of the 
electron leakage is accomplished by compact, gridless direct 
converters (Figs 1 and 3). 

Improved safety and reduced environmental hazards will 
facilitate future siting and licensing of MARS fusion reactors 
compared with today's fission reactors. Because thermal 
radiation can passively remove afterheat from the small-radius 
MARS blanket to the cold shield (Fig. 2), the HT-9 low-nickel, 
ferritic-steel blanket structure will not melt in any 
loss-of-coolant or loss-of-flow accident. The blanket is 
projected to last at least five years before scheduled 
replacement, and maintenance is facilitated by its modular 
design. Furthermore, because nearly all the radioactivity in 
the steel has less than a 5-yr half-life, the spent blanket 
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FIG.2. MARS central cell cross-section, showing the simple lead-lithium electric blanket with 
its HT-9 low activation ferritic steel structure, low tritium inventory (< 8 g), and passive 
radiation cooling in case of accidents. 
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TABLE I. MAJOR PARAMETERS FOR THE MARS COMMERCIAL ELECTRIC PLANT 

20 m-3> 

Central cell length (m) 
Plasma radius (m) 
First-wall radius (m) 
Fusion power (MW) 
Plasma power gain Q 

Average central cell beta <3C> 
Peak central cell density (x 10 
Ion temperature (keV) 
Electron temperature (keV) 
Solenoid field (T) 

Peak choke-coil field (T) 
Yin-yang mirror field (T) 
First-wall loading (MW/m2) 
Blanket coolant/breeder 
Coolant outlet temperature (°C) 

Blanket power multiplication 
Tritium breeding ratio (overall) 
Anchor ICRH power, absorbed/injected (MW) 
Plug neutral beam power, absorbed/injected (MW) 
ECRH power, absorbed/injected (MW) 

Copper-coil power, inserts and drift pumps (MWe) 
Total recirculating power (MWe) 
Total electric power from direct converter (MWe) 
Net electric power produced (MWe) 
Recirculating power fraction 
Total magnet stored energy (GJ) 

130 
0.49 
0.60 
2600 
26 

0.28 
3.3 
28 
24 
4.7 

24 (16 SC + 8 CU) 
7.5 (10 on cond.) 
4.3 
Li17pb83 
500 

1.36 
1.12 
5.7/6.7 (each anchor) 
2.84/4.43 (each plug) 
42/42 (each plug) 

50 (each end) 
334 
388 
1200 
0.22 
49 

Efficiencies 
Direct converter (direct/overall) 
4 75 kV sloshing-ion beams 
ECRH 
Anchor ICRH 
Thermal cycle 
Overall system (plant) 

0.51/0.68 
0.70 
0.70 
0.55 
0.40 
0.36 

modules can be simply filled with concrete and safely disposed 
of by near-surface burial, according to Nuclear Regulatory 
Commission regulations (10CFR61) for Class C low-level wastes. 
The liquid lead-lithium coolant, which will not burn in air or 
water, contains extremely low concentrations of tritium—less 
than 8 g in the entire coolant inventory. 



IAEA-CN-44/H-II-l 

TO MECHANICAL PUMP 
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FIG.3. Compact gridless direct converter for MARS: 300°C water-cooled (TZM MOL Y), 
3 MW/m2 peak heat flux (TZM MOLY), 292 MW(e) direct recovery, and 388 MW(e) direct 
and thermal recovery. 

The synfuels-producing version of MARS uses a slightly 
longer central cell (150 vs 130 m) and produces more fusion 
power (3500 vs 2600 MW) compared to the electricity-producing 
design. In the synfuels design, a helium-gas-cooled silicon-
carbide pebble-bed blanket provides 1000°C heat to a 
thermochemical water-splitting cycle that can produce hydrogen 
at a 43% conversion efficiency rate of fusion to hydrogen 
energy. The hydrogen is catalytically combined with 1000 t of 
coal per day to produce 38 000 barrels per day of liquid 
methanol fuel for pipeline distribution. The need for liquid-
synfuels-producing MARS reactors is expected to increase when 
both the world oil reserves and low-cost near-surface coal 
deposits begin to deplete. 

3. END CELL DESIGN 

The MARS electricity and synfuel reactors both use the 
same end cell (plug) designs, as depicted in Fig. 4. There is 
a high-field choke coil at each end of the central cell, 
followed by a series of six C-shaped coils (Fig. 4a). Within 
the yin-yang pair in the end cell, continuous injection of 
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FIG,4. MARS end cell design, showing (A) magnets, (B) plasma flux tube, (C) axial magnetic 
field B and potential <p, (D) normal curvature n, and (E) geodesic curvature to. 
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10 A, 4 75 kV neutral beams ("sloshing beams") and 60 GHz 
electron cyclotron resonance heating (ECRH) generates the 
electrostatic potentials necessary to confine the central cell 
deuterium-tritium (DT) plasma. The parameters for the hot, 
mirror-confined ions and electrons that create the potentials 
(called thermal barrier end plugs [4]) are similar to the 
thermal barriers that have been generated in the TMX-U device [2]. 
Specifically, the thermal barrier densities vary inversely with 
the choke-coil peak field, so minimizing ECRH power (the 
dominant plug power requirement) requires maximizing choke-coil 
fields. Small copper insert coils (0.6 m bore) are used to 
boost these choke-coil fields to 24 T. 

Passing central cell ions reflected by the potential peak 
in Fig. 4c suffer radial drifts because of field line curvature 
components in the flux surface (called geodesic or K) curvature 
in Fig. 4e). The elliptical flux tube (Fig. 4b) from the end 
plug is therefore given an orthogonal ellipticity (opposite 
sign K) peaks) before going into the choke coil to cancel the 
radial drifts, as accomplished by the recent transition design 
for MFTF-B [3], Circularizing the flux into the direct 
converter requires one more C-coil—for a total of six (two for 
each flux tube ellipse) in each plug. In the transition-coil 
pair, labeled "anchor yin-yang" in Fig. 4a, ion-cyclotron 
resonance heating (ICRH) boosts the ion pressure in the locally 
good ( + ) normal curvature ( fl ) region of that cell (Fig. 4d). 
The ICRH in the anchors improves central cell magnetohydro-
dynamic (MHD) ballooning stability several-fold, yielding an 
average beta of <3c>= 0*28 in the central cell. 

4. CENTRAL CELL IGNITION REQUIREMENTS 

The central cell fusion plasma is fueled by high-velocity 
(20 km/s) DT solid pellets near one of the ends; the required 
injection rate is 6.5 pellets per second. Nearly all 3.5 MeV 
alpha particles are born mirror-trapped by the high-field choke 
coils at each end, permitting most of the alpha energy to be 
transferred to the ions and electrons in the DT fuel. With 
positive potential barriers (<t>piUg

 - ^central cell > ^-^0 kV) , 
the central cell ion end loss is reduced enough to allow alpha 

heating to sustain the residual axial and radial energy losses 
of the central cell; i.e. the central cell plasma is ignited. 
Thus, the only auxiliary central cell heating needed is 5 to 
10 MW of ICRH for 120 s periods during startup. 

The region between the magnetic field (B) and potential 
(<))) peaks of the thermal barrier plugs must operate at lower 
potential and density relative to the central cell (see 
Fig. 4c). Collisions of central cell ions passing through 
these regions generate trapped ions that must be continuously 
removed. This is accomplished in the MARS design by drift 
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pumping, that is, inducing radial loss of the trapped ions by 
means of low frequency (50 kHz) RF fields [5]. Long 
hairpin-shaped drift-pump coils generate perpendicular 
perturbation fields (ÏÏ^~ 0.04 T) in the end cell ellipses 
(Fig. 4b), causing non-cancelled geodesic curvature and radial 
drifts (the dashed curve in Fig. 4e). Matching these 
drift-pump coil frequencies to trapped-ion bounce frequencies 
causes radial diffusion of the unburned DT fuel, thermalized 
alpha ash, and other impurities to the unplugged plasma edge 
where they divert into annular "halo" dumps in the direct 
converter (Fig. 3). Faster bouncing electrons are left to 
escape along field lines to the negatively biased electron 
collectors inside the halo dumps. 

With sufficient potential barriers to suppress axial ion 
leakage, the radial drift pumping of the central cell ions 
trapped in the end cells becomes the dominant cause of central 
cell plasma and energy losses. Then ignition in MARS requires 
a minimum central cell length—several times the end cell 
length (LT in Fig. 4c)—for alpha heating to balance the 
losses from ions trapped in the end cells. A central cell 
shorter than the MARS version would require either auxiliary 
central cell heating or reduced end cell size. 

5. MARS REACTOR COSTS 

Fig. 5 outlines component direct costs of the 
tenth-of-a-kind MARS reactor plant (the nuclear island portion 
of the total power plant). The total cost of the island is 
1.52 x 10^ fUS. Magnet costs clearly dominate, reflecting 
their mass (16 800 t of magnets and associated structure from 
26 000 t of total reactor weight). End cell portions of the 
cost (the unshaded areas in Fig. 5) constitute about half of 
the total reactor plant costs. Furthermore, this total reactor 
plant cost is more than half of the total power plant direct 
cost: 2.37 x 109 fcUS. Total capital costs—including 
engineering, construction, interest, and escalation—are almost 
double the direct costs. Note that these costs are given for 
the tenth-of-a-kind reactor, about 16% less than those for the 
first reactor. 

6. NEW DIRECTIONS 

1 Clearly, future work in tandem mirror reactor design 
should seek ways to reduce magnet size and weight. Engineering 
solutions to double the average current density of winding (1.8 
x 107A/m2 in MARS) and reduce the required shield 
thicknesses may be found. In addition, larger gains could 
result from reducing the end cell size. The length of the MARS 
end cells derives from quadrupole physics requiring six 
C-coils, but the fundamental minimum length needed for ion 
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FIG. 6. Minimum adiabatic length plugs (?* 8 m), which allow smaller reactors (a MINIMARS 
type) compared with MARS. 

adiabaticity is three times shorter, as illustrated by the 
MINIMARS configuration in Fig. 6. Correspondingly, the minimum 
central cell length for ignition could be shorter, permitting 
smaller reactors. Several approaches to achieving MHD 
stability of such compact systems are currently being examined, 
including octupole magnets (shown in Fig. 6), relativistic 
electron rings, RF ponderomotive fields, and conducting wall 
effects. 

REFERENCES 

[1] LOGAN, B.G., et al., Mirror Advanced Reactor Study Final Report, Lawrence Livermore 
Natl Lab. Rep. UCRL-53480, in preparation. 

[2] SIMONEN, T.C., et al., Paper No. IAEA-CN44/C-I-1, these Proceedings, Vol.2, p.255. 



344 LOGAN et al. 

[3] BORCHERS, R.R., VAN ATTA, CM., The National Mirror Fusion Program Plan, 
Lawrence Livermore Natl Lab. Rep. UCAR-10042-80 (1980) 38; 
BULMER, R.H., et al., "Gyrokinetic equilibrium and stability in quadrupole tandem 
mirrors", Plasma Physics and Controlled Nuclear Fusion Research 1982 (Proc. 9th Int. 
Conf. Baltimore, 1982), Vol.1, IAEA, Vienna (1983) 531. 

[4] BALDWIN, D.E., LOGAN, B.G., Improved tandem mirror fusion reactor, Phys. Rev. 
Lett. 43(1979) 1318. 

[5] BALDWIN, D.E., Pumping of thermal barriers by induced radial transport, Bull. Am. 
Phys. Soc. 26(1981) 1021. 

DISCUSSION 

E.P. VELIKHOV: How do you explain the difference between the tritium 
content in the blanket of INTOR (about 1 kg) and in your MARS design 
(about 10 g), which has an identical blanket composition? 

B.G. LOGAN: The tritium content of the Li17Pb83 coolant itself is only a 
few grams at reactor temperature (500°C) owing to the low solubility of the 
tritium as measured in experiments. The solubility of tritium in the ferritic steel 
(including trapping at neutron-induced damage sites) is greater, leading to contents 
of the order of 50 g. Tritium hold-up is higher in INTOR's first wall and steel 
structure owing to lower temperature (more trapping). 

D.D. RYUTOV: What is the radial plasma scale length in terms of ion 
gyroradii in the case of the MINIMARS reactor? 

B.G. LOGAN: About 10-15, right near the threshold for lower-hybrid 
drift instabilities. 
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Abstract 

THE ROLE OF NEUTRONS IN THE PERFORMANCE OF ICF TARGETS. 
In most ICF target simulation calculations, alpha and other charged particles are assumed 

to be reabsorbed in the plasma whereas neutrons are often allowed to escape without interaction, 
However, in reactor-size targets, neutrons lose about the same amount of energy in the DT fuel 
as a-particles and can considerably influence the burn characteristics of the target and the 
reactor blanket performance. Results with a simple adiabatic model and time-dependent neutron 
transport calculations are presented. The total gain obtained for the HIBALL target is 157 for 
both the simple adiabatic model and the time-dependent neutron transport calculation. With 
the free neutron escape approximation the gain was calculated to be 179. Thus, neglecting the 
neutron fuel interaction overpredicts the pellet gain by about 15%. The strong moderation of 
the neutron has a marked influence on the blanket/breeding ratio. 

1. INTRODUCTION 

To understand the behaviour of a target for inertial confinement fusion (ICF) 
involves complex physics phenomena, but simple 1-D hydro codes are aften used 
to calculate the ICF target performance. The MEDUSA code [1] has been imple
mented and modified at the Kernforschungszentrum Karlsruhe (KFK) to calculate 
ICF targets and related physics experiments. Some modifications of the code 
performed at KFK are described in Refs [2, 3]. An important limitation of the 
code was that no particle transport of fusion products is included. The charged 
fusion products (a, 3He, t, d and protons), in spite of their high energies, are 
assumed to be in thermal equilibrium with the plasma, i.e. they deposit their 
energy at the place and time of their birth. Neutrons, on the other hand, are 
allowed to escape from the plasma without any interaction. The subject of 
neutron/fuel interaction is investigated here. 

Neutrons are produced in a DT plasma with energy 14.1 MeV, which 
corresponds to a velocity of 5.2 cm/ns. The fuel radius of the HIBALL target [4] 
at ignition is about 0.12 mm and its pR value is 4.3 g/cm2 . The neutron mean 
free path for a 50-50 DT mixture is 4.75 g/cm2. Thus it is fairly probable that the 
neutrons will interact with the fuel before leaving the target. Since the fuel cross
over time of the neutrons is much less than the burn time of the target, a steady 
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state calculation may be used with some justification for neutron transport. A 
simple model, assuming that the neutron interacts with the fuel and leaves the 
target within a time-step, is given in the next section. 

2. ADIABATIC APPROACH 

This section presents a simple method to calculate the neutron/fuel interaction. 
The neutron heating rate per unit volume in a scalar flux <î> (r, e, t) can be written: 

H(r , t )= A>(r, e, t) V N¿(r, t)<j(e)^ AE(e)ti de 

where Nj(r, t) is the density of the particles interacting with neutrons, a(e)jj is the 
cross-section of the process j on the nucleus i, and AE(e)jj is the energy imparted 
to the recoil nucleus i undergoing a process j . In the adiabatic approximation it 
is assumed that the neutron interacts with the fuel matter and leaves the target 
within a time-step. Ignoring the time parameter, the heating function can be 
written: 

h(pR)= / Pc(e, pR)k(e)de with Pc (e, pR) = 1 - Pe (e, pR) 

In this equation the radius r has been replaced by the parameter pR; 
Pe (e, pR) is the probability that a neutron of energy e generated in a sphere of 
radius R and density p escapes the sphere without undergoing any collision; 
Pc (e, pR) is the collision probability of the neutron; and k(e) is the average energy 
deposited per collision. k(e) is determined by the neutron data and is calculated 
on the basis of KEDAK-4 data. Pc(e, pR) is calculated by the Dirac average chord 
method. The escape probability for a uniformly burning sphere of size pR can be 
written [5]: 

p^R)=!fe) 
2 

'©-Mf) — 
where A = A (e) is the neutron mass mean free path. For the surrounding cold 
fuel, Pe (pR, e) is the source of neutrons escaping from the hot sphere of dimension 
pR and an average neutron energy of {e - k(e)} . An exponential attenuation of 
neutron flux in the cold zone is assumed. Results of this model are in good agree
ment with steady state neutron transport calculations performed with the code 
ONETRAN [6], as shown in Ref. [5], and with the time-dependent neutron 
transport calculation as is seen in the next section. Figure 1 shows the energy loss 



IAEA-CN-44/H-II-2 347 

15 20 25 30 35 

Time after ignition [ps ] -
60 

FIG. 1. Neutron energy deposition in a HIBALL target using the adiabatic approximation. 
The broken curve is the contribution of energy deposited in the cold fuel only. 
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of a neutron in the fuel as a function of burn time for a 4 mg HIBALL target 
[4, 7, 8]. It is seen that the energy imparted to the plasma by neutrons is 
comparable to the energy deposited by the 3.5 MeV a-particles and during the 
peak of the burn even exceeds it. 

In the modified version of MEDUSA-KA the energy loss of neutrons is 
dumped into the fuel plasma and treated in the same manner as charged fusion 
products, i.e. recoil nuclei, like charged fusion products, are assumed to be 
instantaneously in thermal equilibirum with the plasma. The energy between ions 
and electrons is partitioned by means of the same formula (Eq. (2.37) of Ref. [2]) 
as for charged particles. 

As a consequence of neutron heating, the burn wave propagates faster than 
in the case of free neutron escape. In the present case the propagation time 
decreases from 44 ps to 29 ps. Figure 2 compares the neutron (or nuclear energy) 
production for the two cases. Although the peak value is higher for neutron 
coupling, the overall pellet gain is reduced from 179 for the free neutron escape 
case to 156.5 with neutron energy coupling to the target fuel. 

3. TIME-DEPENDENT NEUTRON TRANSPORT 

The above adiabatic approximation, though reasonably accurate and simple 
enough to be included in routine hydro calculations, does not determine in a 
satisfactory manner the spectrum of neutrons leaving the target surface. A neutron 
born in the fuel feels density changes of the matter as it travels along a chord 
length. These changes are faster than the neutron slowing-down times. These 
effects, by definition, cannot be included in any steady state calculation, and 
time-dependent transport calculations are therefore required. Knowledge of the 
neutron spectrum leaving the target is needed in order to calculate reactor 
blanket properties such as breeding ratio, radiation damage and the blanket energy 
multiplication factor. 

A modified version of the time-dependent neutron transport code TIMEX [9] 
has been coupled to MEDUSA-KA to perform consistent ICF target calcula
tions [10]. TIMEX is a multigroup discrete ordinate code in Eulerian geometry 
and can treat the anisotropy of the scattering as provided by the data library. In the 
following, the S4P3 approximation is used. The varying neutron source and the 
target material densities as calculated by MEDUSA-KA are communicated to 
TIMEX. The time-dependent neutron transport calculation is then performed; the 
energy deposited by neutrons in the target materials is added to the energy 
deposited by charged particles, and MEDUSA-KA proceeds with hydro calculation. 
TIMEX-KA also accepts changes in the material composition as they occur during 
the burn. The hydrodynamics time-steps are too short to be convenient in a 
neutron transport calculation. A neutron transport calculation is therefore per
formed only if either the neutron source profile or the material density profile 
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has changed by a certain amount. The criterion in the present calculation is that 
neither the neutron source nor the radius of a fine mesh should change by more 
than 50% between two TIMEX calls. 

Figure 3 shows the energy deposited by neutrons and a-particles as a function 
of time for the HIBALL target calculated by the coupled MEDUSA-KA-TIMEX 
calculation. These results of time-dependent neutron transport calculations con
firm the findings of the adiabatic model that in most phases of pellet burn, neutron 
and a-heating are comparable in magnitude and that the adiabatic model is a 
reasonable approximation. The gain obtained in these calculations is 157.4, which 
compares very well with the gain of 156.5 obtained with the simple adiabatic 
approximation of Section 2. Figure 4 shows neutron spectra leaving the target at 
different stages of the burn. It is seen that, with the advance of burn, the neutron 
spectrum becomes successively moderated. 

4. EFFECT OF SPECTRUM SOFTENING ON BLANKET 

The effect of neutron spectrum softening on the blanket properties has been 
studied previously: steady state Monte Carlo calculations [11] and time-dependent 
neutron transport calculations [12] were performed to calculate neutron modera
tion, but in both cases neutron energy was not recoupled to the target. Neutron 
moderation in the target lowers the breeding ratio and gas production in the 
blanket and increases its energy multiplication factor. In previous studies [3, 8] 
these parameters were compared for neutron spectra leaking from a 1 mg target 
and from a 4 mg target. A reduction in tritium breeding ratio of about 2% was 
observed. Coupled calculations with MEDUSA-KA-TIMEX show that the final 
neutron spectrum is much softer than was assumed in Ref. [3]. The spectrum 
shows that less than 30% of neutrons leave the target unmoderated and more 
than half of the neutrons are moderated below the Pb(n,2n) threshold. This 
reduces the neutron multiplication in the blanket by a factor of 2, and conse
quently the breeding ratio drops to an unacceptably low value of 0.95. The 
breeding ratio may be increased by changing the tube packing fraction1 without 
changing the basic HIBALL concept. 

5. SUMMARY AND CONCLUSIONS 

It has been shown that energy deposited by neutrons in the fuel of an ICF 
target is of the same order as energy deposited by a-particles (Figs 1 and 3). This 
has a significant effect on the gain of the target. The pellet gain obtained with 

1 Ref. [7], Vol. 2, p. 66. 
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the adiabatic approximation is 156.5, and with full time-dependent neutron 
transport calculation it is 157.4, as compared with the gain of 179 in the case of 
free neutron escape. In other words, the free neutron escape model overpredicts 
the gain of the HIBALL target by about 15%. Thus the fuel/neutron interaction 
should not be ignored in the calculations of reactor size targets. It has further 
been shown that the simple adiabatic approach based on the escape probability 
method is a good approximation to account for neutron energy recoupling to the 
fuel. The code system MEDUSA-KA-TIMEX confirms the results of the simple 
adiabatic model. The neutron leakage spectra calculated with TIMEX show that 
the HIBALL target neutron spectrum is much softer than previously assumed [7,8]. 
To reliably assess the degradation in the total tritium breeding ratio, complete 
and coupled time-dependent neutron transport calculations are needed prior to or 
in conjunction with the breeding blanket calculation. This can be done with the 
MEDUSA-KA-TIMEX code system. 

The problem of recoil ions has not been discussed here. This is essentially 
a charged particle transport problem, and work on this topic is in progress 
a tKFK[3] . 

REFERENCES 

[1] CHRISTIANSEN, J.P., et al., Comput. Phys. Commun. 7 (1974) 271. 
[2] TAHIR, N.A., LONG, K.A., Kernforschungszentrum Karlsruhe Rep. KFK 3454 (1983). 
[3] FRÔHLICH, R., et al., "Progress in target physics at the Nuclear Research Centre, 

Karlsruhe", Proc. Int. Symp. Heavy Ion Accelerators and their Applications for 
Inertial Fusion, Tokyo, Jan. 1984. 

[4] TAHIR, N.A., LONG, K.A., Atomkemenerg. Kerntech. 40 (1982) 157. 
[5] GOEL, B., HENDERSON, D., Ges. fúr Schwerionenforschung, Darmstadt, Rep. GSI-83-2 

(1983)47. 
[6] HILL, T.R., Los Alamos Nati Lab. LA-5990-MS (1975). 

[7] BADGER, B., et al., Kernforschungszentrum Karlsruhe Rep. KFK 3202 (1981), two vols. 
[8] FRÔHLICH, R., et al., Nucí. Eng. Des. 73 (1982) 201. 
[9] HILL, T.R., REED, W.R., Los Alamos Natl Lab. Rep. LA-6201-MS (1975). 

[10] HÔBEL, W., "Neutron energy deposition in the burning pellet", Ges. fúr Schwerionen
forschung, Darmstadt, Rep. GS1-84-5 (1984) 60. 

[11] BEYNON, T.D., BRYANT, R., J. Phys., D (London). Appl. Phys. 12 (1979) 1435. 
[12] BERANEK, F., CONN, R.W., Nucl. Technol. 47 (1980) 406. 

DISCUSSION 

G. VELARDE: Do you take the transport of alpha particles into considera
tion, or do you assume that they are locally deposited? 
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B. GOEL: In the results which I have presented, alpha particles were assumed 
to deposit their energy locally. In general, however, we can calculate alpha particle 
transport on the basis of the Fokker-Planck equation, and also by means of the 
particle tracking technique. The change in target gain due to alpha particle trans
port for the HIBALL target is not dramatic. 
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Abstract 

LOW-ACTIVATION TOKAMAK FOR BURNING-PLASMA EXPERIMENTS. 
A low-activation tokamak made of aluminium alloy is designed to reduce the dependence 

on full remote maintenance. The activation level can be lowered by three to four orders of 
magnitude compared with that of the stainless steel or Inconel tokamak. A thousand DT shots 
(total fusion output of several gigajoule) necessary for a detailed study of the DT reacting 
plasma become feasible with hands-on maintenance. For the study of the alpha-particle 
behaviour and related phenomena in DT plasma, alpha-particle diagnostics by the charge-
exchange method is planned. To simulate the phenomena in high-Q and ignited plasma, a 
new method of efficient production of high-energy particles ( 1 MeV/nucleon) in the plasma 
by a combination of NBI and the fast wave at 3coci

 a n { l 4cOd is proposed. It is also shown 
that, because of the excellent shell effect of the aluminium vacuum vessel, an extremely 
elongated plasma with large triangularity is vertically stable and has a critical toroidal beta 
value of 20 to 30%, at an aspect ratio of about 2.5. 

1. INTRODUCTION 

The study of DT burning plasma and the development of related technology 
may become very important for the present fusion programme. For the past 
four years, we have been doing preparatory work for the DT reacting plasma 
experiment as a reasonable step towards the burning experiment. The main 
objective of our project (R-project) is to study various physical phenomena in 
the DT reacting plasma by constructing a medium-sized tokamak and developing 
the related technology. For the R-tokamak, the total fusion output necessary 
for studying the DT reacting plasma amounts to, at least, several GJ: one 
thousand DT shots with Q « 0.3 and 1 s duration. In evaluating the technical 

* Faculty of Engineering, Kyoto University, Kyoto 606, Japan. 
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difficulties of full remote maintenance and nuclear waste management in a 
near-term programme, we came to the conclusion that a tokamak made of 
aluminium alloy might be more realistic and economical. In this scenario, the 
total fusion output for hands-on maintenance is limited, primarily, by the 
purity of the ordinary Al alloy; the limit could be raised up to about 1000 GJ 
by further improvement of purity. On the other hand, because of various 
difficulties in using the Al alloy, no large Al-alloy tokamaks have ever been 
designed. Here, a discussion on these difficulties and on the overall design 
is presented. 

As a main topic of reacting-plasma physics, the behaviour of alpha particles 
will be studied in detail by diagnostics of confined alpha particles, through one 
thousand DT shots. These data will be very valuable for the next ignition 
tokamaks. In studying the phenomena in high-Q and ignited plasmas, a new 
idea for the simulation experiment is studied. 

In addition, it is found that the position of extremely elongated plasmas 
with large triangularity — which is beneficial for raising the beta value and 
improving the confinement — can be stabilized by the shell effect of the 
aluminium vacuum vessel. Discussions on positional stability and critical beta 
value for these plasmas are presented. 

2. LOW-ACTIVATION R-TOKAMAK [ 1 ] 

Among numerous low-activation materials, aluminium is chosen because 
large, complex structures can be built from it. Because of their low induced 
activity, Al alloys are already being widely used in other experimental devices 
such as fission facilities, linear accelerators and storage rings [2]. In a tokamak 
device, the strong toroidal field and the eddy currents induced by the plasma 
current disruptions cause very high stresses in the vacuum vessel, the TF and 
PF coils, and other structural components. In addition, Al-alloys are generally 
weak and have higher electrical conductivity (i.e. larger eddy currents) than 
stainless steel (304 SS) or Inconel 625. 

In the case of the aluminium vacuum vessel, various electromagnetic forces 
become manifest such as the theta pinch effect produced by the toroidal 
magnetic field in its rise and decay phases and the forces of the eddy current 
due to the toroidal and poloidal fluxes in the case of plasma disruption. A 
stress analysis was performed by a NASTRAN code, combined with a FEM-like 
eddy current code [3]. Since the stress analysis shows that Al-alloy bellows 
are not acceptable, breaks with a dielectric insulator (polyimide) are adopted. 
Polyimide withstands the total dose of the R-tokamak (about 108 rad). Almost 
the entire inner surface of the vacuum vessel is covered by thousands of graphite 
tiles so as to reduce the interaction of the vessel with the plasma and to withstand 
the heat flux from the plasma. 
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FIG.l. Cross-sectional view of R-tokamak. Plasma and machine parameters: Rp = 2.09 m, 
ap - 0.76 m, Ip = 3 MA, Bt = 3 T. Vacuum vessel is made of Al alloys and TF coils are 
composed of Cu conductor, Al alloy frames and Pb shield. 

For the TFcoil conductor, copper is used instead of aluminium in order to 
reduce geometrical scale and total cost of the device. To shield gamma rays 
from 60Co in the activated copper, the TF coils are covered with lead. The 
PF coils are placed outside the TF coils; most of the coils are made of Al-alloy. 

The parameters of the R-tokamak are: Rp = 2.09 m, ap = 0.76 m, Ip = 3 MA, 
Bt = 3 T and K < 1.8. A plasma with Q « 0.6 may be obtained when 15 MW NBI 
heating is applied. A cross-sectional view is shown in Fig. 1. 

As is shown in Fig.2, the dose rate on the R-tokamak is very low, i.e. three 
orders of magnitude lower than that of a TFTR-type design with 304 SS, and 
four orders of magnitude lower than for JET and JT-60-type designs, with 
Inconel 625 two weeks after the shot. This low level of radiation will be 
doubled by about 60 ppm of Mn in Al-alloys. The ordinary aluminium tends 
to have a purity exceeding this level. Accordingly, it may be possible to 
produce low-cost alloys for the R-tokamak by ore selection. 
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TIME AFTER ONE D-T OR D-D DISCHARGE 

FIG.2. Time evolution of dose rate after one D-T or D-D discharge in R-tokamak with 
Al alloy vacuum vessel and Cu conductor TF coils, compared to dose rate in TFTR-type design 
with 304 SS and in JET-type design with Inconel 625. 

3. REACTING-PLASMA PHYSICS 

Concerning the reacting-plasma physics, the study of alpha particle behaviour, 
especially the slowing-down process and the heat deposition profile, is very 
important because the ignition condition depends on these features. They may 
be affected by thermonuclear instability or possible plasma rotation caused by 
the radial electric field due to the loss of fast charged particles. These data 
will be valuable to the next ignition tokamaks, INTOR and FER. 

Through one thousand DT shots in the R-project, these phenomena will 
be studied in detail by confined-alpha-particle diagnostics. In addition, in a 
simulation experiment burning-plasma physics in high-Q and ignited plasma 
is studied. 

3.1. Alpha-particle diagnostics [4] 

Alpha-particle diagnostics making use of a double charge-exchange method 
is intended for the R-tokamak. A beam velocity of about 0.8 V ,̂ is appropriate 
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for measuring a wide range of velocity distribution of the alpha particles and for 
reducing the beam acceleration power, where V£ is the initial velocity of the 
alpha particles produced by DT reactions. 

Although a Li beam is a possible candidate for probing [5], the 3He beam 
is more advantageous from the viewpoints of larger charge exchange cross-
sections and lower acceleration voltage needed. As is well known, the He0 beam 
as neutralized from a He - beam through a conventional gas cell has a large 
fraction of metastable atoms, most of which will not penetrate into the centre 
of the plasma. A new method of utilizing the auto-detachment process of the 
He - ions is proposed. 24% ground-state neutral atoms can be obtained with a 
flight distance of 30 m at a beam velocity of 0.8 V£. The beam divergence, 
including the space charge effect, does not seem to be serious during the flight. 

A yield estimate shows that a 10 mA 3He~ (or Li-) beam at a velocity of 
0.8 V^ will enable us to measure the alpha particle velocity distributions with 
reasonable spatial and temporal resolutions. 

3.2. Simulation experiment 

To study the burning-plasma physics in high-Q and ignition plasmas [6], 
a new simulation experiment applying a fast wave at cyclotron higher harmonics 
to the injected ion beam is studied. We consider that an co = ncjci ICRF wave 
(e.g. n = 2,3,4) is applied to a 120 keV D-beam (PNBI = 0.6 W-cm-3), where 
the parameters of the bulk plasma are ne = 3.5 X 1013 cm -3 , Te = 4 keV, and 
Bt = 3 T. The distribution function of the injected D-beam has been calculated 
by a two-dimensional linear Fokker-Planck code including the quasi-linear 
diffusion term due to the ICRF wave [7,8]. As is shown in Fig.3, a large number 
of the energetic ions of an energy of about 1 MeV per nucleón are produced, 
when the 3coci or the 4OJCÍ ICRF wave is used, and an energy distribution 
function similar to that of the alpha particles in the ignited plasma can be 
obtained. RF power is absorbed by the energetic ions of about 1 MeV/nucleon, 
and the plasma is mainly heated through the slowing-down of the energetic 
ions, as it is in the case of high-Q and ignited plasmas. 

4. STABILIZATION OF HIGHLY ELONGATED PLASMA BY AN 
ALUMINIUM VESSEL 

The experimental results of high-power NBI heating in ISX-B, Doublet HI, 
PDX and ASDEX show that the plasma current is a common figure of merit 
in the scaling of the energy confinement time [9]. Combining the recently 
obtained scaling of the energy confinement time r | u x with the approximate 
formula for the q-value of a non-circular plasma [ 10], we obtain the scaling 
laws r | u x cc /<;5/nT for the L-mode and r | u x a K2-5 for the H-mode for K > 1. 
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FIG. 3. Distribution functions of high-energy particles generated by the NBI (E0 = 120 keV, 
PNBI = 0.6 W-cm"3) and fast wave at cyclotron higher harmonics (PR? -1.0 W-cm'3), 
compared with that of alpha particles (Pa = 1.6 W- cm'3). 

It is widely recognized that the critical beta value for the MHD mode as 
well as the energy confinement time are strongly dependent on the ellipticity. 
Accordingly, a study of the stabilizing effect of the aluminium vacuum vessel 
on elliptic plasmas is very important. 

The study of the positional instability in the Alfvén wave transit time-
scale is performed by the ERATO code [11]. When the ratio of the q-value at 
the plasma surface to that at the plasma centre is 6.1, the critical distance 
between the conducting wall and the plasma is found to be 0.45 ap for a plasma 
of K = 3.0 and 8 = 0.3. This means that the stability margin is appropriate. 

For vertical stability in the resistive time-scale of the shell, n+7?s > 0 and 
(n+i7s)Ts + (n+T?f)Tf > 0 must be satisfied, where r?, 7?s, and rj{ are the indices 
of the equilibrium vertical field, the radial fields due to the shell and the 
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feedback coil, and Ts and Tf are the time constants of the shell and the feedback 
coil, respectively. Here, it is assumed that the delay time of the power supply 
is negligible compared with Ts, and proportional control is applied. The stability 
conditions are fulfilled even for the K = 3 plasma, partly because of the 
appreciable reduction of the n-value by the large triangularity of 8 « 1.0, and 
partly because of the highly conducting aluminium vacuum vessel and the feed
back coil placed near the vessel. Accordingly, we find that a plasma with an 
ellipticity of up to 3 with large triangularity may be controlled stably by 
the feedback system. 

The obtainable maximum beta value may be consistent with the critical 
beta value as limited by the ballooning mode (n = °°) and the kink mode (n = 1). 
The critical beta value as limited by the n = 1 kink, Mercier and ballooning 
modes is calculated by the ERATO code. The bean-shaped equilibrium with a 
j3 of 21% for K = 2.3 and an indentation of 0.29 is shown in Fig.4, where 
the conducting wall is placed at awau/ap = 2.0. By using the FCT balloon code[12], 
the critical toroidal beta value for the ballooning mode has been calculated; 
it is shown in Fig.5. It is found that the maximum beta value limited by 
these ideal-MHD instabilities can be raised as K increases above 2. 

5. CONCLUSIONS 

An Al alloy DT tokamak is designed in order to reduce the dependence on 
full remote maintenance. The dose rate is lowered by three to four 
orders of magnitude, compared with that of the tokamak making use of con
ventional materials. This means that one thousand shots of the DT plasma can 
be devoted to a study of alpha particle behaviour through confined-alpha-
particle diagnostics. It is also shown that high-energy particles can be produced 
efficiently by combination of NBI with a fast wave at higher harmonics, and 
an ignition simulation may be possible by this method. In addition, it is 
found that by the shell effect of the aluminium vessel a highly elongated plasma 
with large triangularity is stable against the positional instability, and the critical 
toroidal beta value for this configuration is about 20 to 30%, from an ideal-
MHD calculation. 
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DISCUSSION 

R.W. CONN: What materials do you plan to use for other components of 
the machine, including bolts, the limiter and so on; can they all be equally low-
activation materials? 

Y. HAM AD A: The vacuum vessel, tokamak support, shield support and 
shear panel will be made of modified Al 5083. Most of the PF coil's conductors 
are made of Al 6063. The TF coil case is of Al 2219 without Mn, and the first 
wall is of carbon. These are all low-activation materials. 
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Abstract 

SOME ASPECTS OF MODULAR STELLARATOR REACTORS. 
The Advanced Stellarator (AS) configuration and a helical axis stellarator with modular 

coils have been extrapolated to reactor dimensions with the condition of 1.8 m distance 
between plasma and modular coils. For five-field periods, this leads to reactor dimensions 
of Ro = 25 m and an averaged plasma radius of 1.6 m, B0 = 5.3 T (ASR). In a burn 
experiment with 1.2 m space between plasma and coils the dimensions are: R0 = 15 m; 
à" = 0.9 m; B0 = 7 T (ASB). Force and stress in the ASR were analysed assuming a ring-type 
support structure. Maximum reference stresses of 80 MPa were found. With a simple 
neoclassical transport model, ignition conditions are calculated. A minimum heating power 
of 30 MW is necessary for the startup phase. An AS-type power reactor requires a ¡J-value 
of 5%, with a thermal output of 3.6 GW. In ASB, the necessary Rvalue is 2-2.5% and the 
output power is 0.4 GW. The same startup power of 30 MW is needed. 

1. INTRODUCTION 

Modular coils have been proposed for many stellarator configurations: 
a standard 1 = 2 stellarator [ 1 ], the Advanced Stellarator W VII-AS [2], the 
Symmotron [3] and UWTOR-M [4]. This paper discusses some problems of 
modular coils for W VII-AS type and HELIAC-type [5] configurations. In 
principle, for any stellarator configurations, poloidally closed coils can be found [6], 
the trajectories 0 = const, 0 being the magnetic potential, are replaced by current 
filaments. This method is not applicable if the coils are situated outside the 
last closed magnetic surface, in which case other methods must be used to find 
the modular coils [7]. For technical application of reactor-size stellarators, 
there are several boundary conditions restricting the parameter space of 
modular coils. 

— There must be enough space for blanket and shield between first wall 
and coils. 

— The twist of the coils must be as small as possible in order to facilitate 
replacement. 
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TABLE I. MACHINE PARAMETERS 

Major radius, R0 (m) 25.5 

Plasma radius, a" (m) 1.6 

Magnetic field on axis, B0 (T) 5.3 

Maximum field on coils, B m a x (T) 8.7 

Rotational transform, t 0.58 

Aspect ratio 16 

Coil aspect ratio 4.9 

Coil current density, j m a x (MA/m2) 9.8 

— The maximum field on the coils must stay below a certain limit given by 
the superconducting material. The field on the magnetic axis should be as 
large as possible. 

— There are limits on forces and stresses in the twisted coils. 

In the present paper the W VII-AS configuration and a modular HELIAC 
configuration are scaled up to reactor dimensions. Forces and stresses are 
calculated and a startup scenario assuming neoclassical confinement is discussed. 

2. THE ADVANCED STELLARATOR REACTOR (ASR) 

To extrapolate the W VII-AS configuration to reactor dimensions, a minimum 
distance of 1.8 m between plasma and coils was required [8]. This led to a major 
radius of 25.5 m and 1.65 m averaged plasma radius. Table I summarizes the 
parameters of ASR. 

Figure 1 shows several poloidal cross-sections of the configuration; Fig.2 
is top view of the whole coil set. The maximum magnetic field of 8.7 T allows one 
to stay within the NbTi technology. Here ten coils per period are chosen in 
order to minimize the modular magnetic field ripple. Because of the tight 
arrangement of the coils, maintenance and replacement of a single coil might 
be difficult or even impossible. Reduction to four coils per period removes 
this problem. On the other hand, the ratio Bm a x /B0 increases from 1.64 to 1.9, 
and a large modular ripple occurs. The ripple (1/2)5B/B on the magnetic axis 
is 1.9% in the 10-coil case and 8.5% in the 4-coil case. The increased ripple 
will certainly increase plasma losses. The rotational transform, the magnetic 
well depth and the plasma radius are also changed by this reduction. 

Forces and stresses of the ASR coil set have been analysed and described 
in Refs [9] and [10]. Radial forces, in addition to toroidal and poloidal forces, 
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FIG. 1. Various cross-sections of magnetic surfaces and coils in ASR. 

FIG. 2. Top view of the ASR coil set: 10 coils/period. 

react upon the coils. The basic concept of the support structure is an outer 
ring surrounding each coil in addition to side supports. Elastic padding between 
stainless steel supports and the coil, together with the ring support, minimizes 
the bending stresses. In this way the peak value of the reference stress 
(van Mises stress) can be reduced to 80 MPa. Work is in progress to study the 
mutual support of the coils [11]. 
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TABLE II. PARAMETERS OF ASB 

Major radius, R0 (m) 15.2 

Mean plasma radius, ¥ (m) 0.9 

Rotational transform, t 0.51 

Magnetic field on axis, B0 (T) 7 

Max. magnetic field on coils: 
9 coils/period, Bm a x (T) 11 
6 coils/period, Bm a x (T) 12.6 

Coil current density, Jm a x (MA/m2) 18 

3. BURN EXPERIMENT (ASB) 

The dimensions of the ASR are mainly determined by the necessary 
distance of 1.8 m between the coils and the plasma. In a burn experiment the 
minimum distance can be reduced to the space necessary for a shield. On the 
assumption that a minimum distance of 1.2 m is sufficient for a shield, the 
dimensions of a burn experiment are much smaller than in ASR. Table II 
summarizes the parameters of ASB. 

The choice of B0 = 7 T on axis has been made in order to improve plasma 
confinement. Owing to the higher magnetic field and the higher current density, 
forces are also higher than in ASR. (F m a x = 42 MN/m3 in ASR and F m a x = 
90 MN/m3 in ASB.) Correspondingly the stresses are also higher. F is the average 
force density over the cross-section of the coil. 

4. STARTUP SCENARIO 

A simple transport code calculating Ti(r), Te(r) and density n(r) in cylindrical 
approximation is used to study the startup procedure and the condition of the 
ignited plasma. The startup is calculated as a sequence of equilibrium states, 
which is justified if the time-scale of startup is much longer than the plasma 
confinement time. Neoclassical transport coefficients as modelled by 
Houlberg et al. [12] are used; an effective helical ripple of 2% on axis and 7% on the 
plasma edge takes into account localized particles and the 1 ¡v scaling of transport 
coefficients in the long mean free path regime. Ion heat conduction is strongly 
reduced by a radial electrical field. 

Heating mechanisms are a-particle heating and an external heating mechanism 
with a given deposition profile. Losses of trapped a-particles are not yet taken 
into account. The refuelling mechanism is not included self-consistently; instead, 
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TABLE III. PLASMA PARAMETERS 

ASB ASR (power) 

ñ ( m - 3 ) 

n(0) (m"3) 

T e (keV) 

Ti (keV) 

T E ( S ) 

Pmax 

¡3 
n r E ( s / m 3 ) 

Fusion power (MW) 

a-heating power (MW) 

2 X 1020 

6 X 1 0 2 0 

6.7 

6.7 

2.4 

7.5% 

2.5% 

5.4 X 1020 

419 

104 

1.4 X 1020 

2.4 X10 2 0 

12 

10.3 

1.7 

12% 

5.3% 

2.4 X 1020 

3600 

720 

= 3*1023s-1 

0.5¿G\A 

ÚL 

0.18 GW 

T¡ = 10keV 

P F u s = 3.6GW 

». 
Pcond=0.39GW 

0.2 GW 

Te=12keV ^ ' ftf6 GW 

ñ r = 2.4xlOU(cnrr3s ) /3 =5.3'/. 

FIG. 3. Po wer fio w diagram of the ASR reactor plasma. 

the particle deposition profile is given and the particle refuelling flux (¡>0 is 
considered as a free parameter. 

The following result was obtained. With a net heating power of P = 30 MW 
it is possible to heat ASR and ASB to ignition. A low density plasma has to be 
heated to temperatures of 7—8 keV; then, by increasing the density, a-particle 
production supports the heating until the ignited state is reached and the external 
heating power can be reduced to zero. Table III gives the plasma parameters of 
the ignited state. 

The parameters of ASB are the minimum parameters for ignition. Raising 
the density leads to more a-particle heating power and higher j3. In ASR the 
parameters are calculated for a total fusion power of 3.6 GW, in which case 
ignition is already possible at ¡3" » 2% and an a-particle heating power of 120 MW. 
Figure 3 is a power flow diagram of the ASR reactor plasma. 
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FIG.4. Magnetic surface of a helical axis configuration. Five field periods; t= 1.9; marginal 
magnetic well; Ro/a~ ^10. 

The parameters calculated in Table III are consistent with neoclassical 
transport under moderate assumptions. A ¡J-value of 2—2.5% is within the 
equilibrium limit of the AS configuration. The problem of MHD stability has 
not yet been investigated in detail. Evaluation of the Mercier criterion yields a 
stability limit of $ = 1% [13]. 

5. HELICAL AXIS CONFIGURATIONS 

Helical axis configurations are of interest because of the high MHD stability 
limit of /? = 30% in the linear case [14]. The problem of modular coils for this 
type of helical axis stellarator has been discussed by Reiman and Boozer [15], 
who proposed bean-shaped planar coils for modelling a helical configuration with 
a magnetic well. The difficulty in using planar coils is the proximity of the 
coils to the plasma surface, which leaves no space for blanket and shield. By 
twisting the coils appropriately this problem can be removed. 

Starting from an analytic coil winding, a study of HELIAC-type configura
tions has been made with five field periods. Figures 4 and 5 show two periods 
of a coil set and the magnetic surfaces of a five-period configuration. The 
rotational transform is t = 1.8 and the magnetic well is marginal. The case shown 
in these figures is calculated for an experiment with 4 m major radius and a 
magnetic field of 3 T. The aspect ratio of the plasma is 10. 
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FIG. 5. Twisted coils of the helical axis configuration. Two periods. 

A similar case has been scaled up to reactor dimensions under the same 
conditions of 1.8 m distance for blanket and shield. The dimensions are: 
major radius 25 m; averaged plasma radius 1.6 m; B0 = 5 T; Bmax

 = 9.5 T 
(Fig.6). Forces and stresses are comparable to those in the AS reactor. 

A certain optimization with respect to plasma confinement can be made 
by an appropriate arrangement of the twisted coils along the central helix. 
Equal distance of the coils leads to a large magnetic mirror along the magnetic 
axis, whereas by an appropriate choice of the coil position this ripple can be 
reduced to 1—2% (Fig.7). Consequently the number of trapped particles are 
reduced, leading to a reduction of neoclassical particle losses. Although, in the 
optimized configuration, trapped particles are finally lost owing to local 
minima of |B| between the modular coils, the average drift velocity of the 
guiding centres is markedly reduced compared to those of the non-optimized 
configuration. In Fig. 8 the diffusion coefficient, calculated by Monte Carlo 
methods, demonstrates the difference between these two cases. Owing to this 
kind of optimization, neoclassical losses can be made comparable to those of 
the AS configuration. 

6. CONCLUSIONS 

The analysis of the modular AS configuration and a modular HELIAC-type 
configuration of reactor dimensions shows that the space for blanket and shield 



370 HARMEYER »t al. 

FIG. 6. Helical axis configuration with reactor dimensions; RQ - 25 m. 

is the critical parameter in determining the overall dimensions of the reactor. 
It leads to a large major radius of R0 = 25 m and a plasma aspect ratio of A = 15. 
If one stays within the limits of NbTi technology, the forces and stresses in the 
twisted coils are not excessively large when a suitable support scheme is chosen. 
Under neoclassical conditions, plasma confinement is dominated by trapped 
particles. If the effective helical ripple is below 10%, 30 MW net heating power is 
necessary to heat the plasma to ignition. This is a minimum value in the case of 
a slow startup scenario. The thermal stability of the ignited state needs further 
investigation, and the question of j3-limits is still open. In the case of the burn 
experiment (ASB), the magnetic field B0 is assumed to be 7 T, which is only 
possible within Nb3Sn technology. The required jT-value of 2—2.5% for ignition 
is rather moderate. A power reactor requires an average |3 of 5%. It is not clear 
whether this can be achieved in an AS configuration with a planar magnetic axis. 
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FIG. 7. Bmsx and Bmin on magnetic surfaces with average radius T. Case 1: coils with equal 
distance. Case 2: coil position optimized. Reduction of mirror ratio. 

FIG.8. Diffusion coefficient of helical axis configurations. 1: non-optimized case. 
2; optimized case. 
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Abstract 

THE REVERSED-FIELD PINCH: A COMPACT APPROACH TO FUSION POWER. 

The potential of the reversed-field pinch (RFP) for development into an efficient, 
compact, copper-coil fusion reactor has been quantified by comprehensive parametric 
tradeoff studies. This compact system promises to be competitive in size, power density, 
and cost to alternative energy sources. Conceptual engineering designs that substantiate 
these promising results have been completed. This 1000 MW(e) (net) design is described along 
with a detailed rationale and physics/technology assessment for the compact approach to 
fusion. The RFP presents a robust plasma confinement system capable of providing a range 
of reactor systems that are compact in both physical size and/or net power output while 
ensuring acceptable cost and engineering feasibility for a range of assumed physics performance. 

I. STUDY RATIONALE AND DESIGN BASIS 

The difficulties encountered by large nuclear systems in 
penetrating the US electrical-power market can be attributed to 
causes generally related to insufficient standardization. 
Approaches based on small fission reactors [1,2] have recently 
been suggested as solutions. In particular, factory (off-site) 
fabrication and quality control methods result in systems that 
follow economic learning curves, reducing costs as unit 
production numbers increase and avoiding one-of-a-kind system 
costs. Plant standardization minimizes site-specific licensing 
procedures, which are further alleviated by a nuclear system 
that is better isolated, reduced in volume, and 
fabricated/tested under more controllable conditions. Finally, 
systems of lower total cost greatly improve the financial 
condition for the electric utility [3] even though the unit 
costs ($/kWe) may be greater. 

* Work performed under the auspices of the US DOE. 
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FIG. 1. Dependence of COE on rp for a range ofP^ values. Also shown are lines of constant 
first-wall neutron loading, 7W. The locus of points where the confinement time dictated by 
economics equals a range of possible RFP physics confinement time scalings of the form 
TT^(RFP) ^fytfiP) is also shown for a range of current exponents, v, where f(Qe) = (0.131%)2 <*l 
and @Q = 0.2. Key system parameters for the 1000MW(e)(net) base case are given in Table I. 

The aforementioned problems are expected [4-7] to be 
exacerbated for fusion power systems projecting an end product 
that may be considerably larger in size and lower in 
fusion-power-core (FPC, i.e., plasma chamber, first wall, 
blanket, shield, and coils) power density. Even using tenth-
of-a-kind costing (i.e., developed learning curves, mass 
production, standardization, etc.), these fusion plants will 
have 1.5-2 times greater capital costs; more realistic 
one-of-a-kind costs can easily lead to capital costs that are 
at least 2-3 times greater than present fission systems. A 
more competitive fusion system would operate with increased 
power density at the nuclear source subject to realistic 
physics, engineering, materials, and safety constraints. 
Several fusion systems have been identified [6,7] that 
potentially lead to more compact, higher-power-density options, 
including resistive-coil tokamaks and compact toroids. This 
paper summarizes the Compact Reversed-Field Pinch Reactor 
(CRFPR) design [5]. 

II. REACTOR DESIGN POINT 

The efficient heating and confinement of high-power-
density plasma by the RFP (high beta, low fields at coils, 
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TABLE I. KEY COMPACT REVERSED-FIELD PINCH REACTOR PLASMA 
AND ENGINEERING PARAMETERS 

Overall system 
Net electric power (MWe) 
Gross electric power (MWe) 
Total thermal power (MWt) 
Gross power-conversion efficiency (%) 
Overall plant availability (%)(a) 
Major radius (ra) 
Plasma radius (average) (m) 
Neutron-wall loading (MW/m2) 
First wall/blanket/shield/TFC mass (tonne) 
Maximum OHC field burn/startup (T) 
Toroidal plasma current (MA) 
Field at plasma edge/axis (T) 
Average poloidal/total beta 
Average DT density (1020/m3) 
Average DT ion temperature (keV) 

In-Vacuum Components (First-wall/limiter) 
Coolant 
Material 
Heat flux (MW/m2) 
Coolant-tube thickness (mm) 
Inlet/outlet temperature (K) 
Flow rate (kg/s) 
Pump power (MWe) 

1000. 
1227. 
3365. 
36.5 
75. 
3.8 
0.71 
19.5 
307. 
4.5/9.2 
18.4 
5.2/9.5 
0.23/0.12 
6.6 
10.0 

Pressurized H^O 
Cu alloy 
5.0/6.0 
1.0/0.8 
(463/537)/(463/545) 
4899./1311. 
1.85/0.94 

Blanket and Shield 
Blanket coolant/breeder 
Thickness (m) 
Tritium breeding/energy multiplication 
Inlet/outlet temperature (K) 
Flow rate (kg/s) 
Pumping power (MWe) 
Structure 
Structural shield construction (v/o) 
Structural shield thickness (m) 

Pb83L117 <90 % 6 L Í > 
0.6 
1.06/1.28 
623. /773. 
72,840. 
13.2 
HT-9(ferritic alloy) 
90 % 316SS/10 % H2o 
0.1 

Magnet Coils 
Material (v/o) 

Total TFC/OHC/EFC mass (tonne) 
OHC/EFC turns ratio 
0HC/EFC lead current during burn (MA) 
Inductive/Resistive startup flux (Wb) 
TFC/OHC/EFC dissipated power (MWe)(b) 

70% Cu/20% 316SS/10% H2o 
MgO or MgAl2o3 (25 kV) 
72.8/394./404. 
100./80. 
0.213/0.135 
220/26 
12.6/73.0/53.5 

^ Annual down time is a minimum of 60 (unscheduled) plus 28 (scheduled) days, with each 
scheduled changeout of the first-wall/blanket/shield/TFC unit requiring 28 days, giving a 
plant availability that decreases with increasing first-wall loadings. 

^ OHC power available for current-drive subsystem during burn. 
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FIG.2. Isometric view of the CRFPR fusion power core showing one of the 24 integral 
sectors that together constitute the single toroidal FPC unit (plasma chamber/first 
wall / blanket I shield I toroidal-field coil). 
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ohmic heating) permits a thin blanket/shield (~ 0.6-0.7 m) and 
resistive (copper-alloy) coils, both being essential for 
significant increases in FPC power density. The cost of 
electricity (COE) for a complete range [5] of cost optimized 
designs is depicted in Fig. 1. The implications of decreasing 
the first-wall loading, Iw, net electric power, PE, and system 
size (r , with the rainiraum-COE designs insensitive to aspect 
ratio) are shown as constrained by the experimentally derived 
confinement scaling, T E «= iYr^f^g), where v = 1-1.5, 
f(3g) = ( 0 . 1 3 / 3 Q ) 2 < 1, and the beta dependence is presumed 
analogous to neutral-beam-heated tokaraaks. The rainiraum-COE 
base case chosen for a conceptual design study is elaborated in 
Table I and illustrated in Fig. 2. Although the increase in 
COE resulting from increased physical size and reduced FPC 
power density is not great for the parameter range examined, 
the goal to investigate technology limits and to maintain a 
single- or few-piece FPC maintenance scheme resulted in 
operation at the shallow COE minimum depicted in Fig. 1 for 
PE = 1000 MWe. 

III. REACTOR OPERATION 

The time-dependent plasma engineering model [5] is driven 
by the Poloidal-Field-Coil circuit (PFC) which is divided into 
an Ohmic-Heating-Coil (0HC) set used to drive flux and the 
Equilibrium-Field-Coil (EFC) set. Precharging the OHC to 
33.5 MA-turns in 16.3 s by a 1-kV, 350-MWe grid source provides 
in situ energy storage, which is then resistively decayed while 
operating the OHC and EFC in parallel and driving the plasma 
current, I., to 12 MA in 1.2 s. Reapplying the grid source 
establishes^ I./OHC/EFC currents of 18.4/21.3/11.0 MA-turns, 
respectively, in 8 s . The RFP configuration 
[6 = B9(r )/<B(j)> = 1.55, F = BArp)/<B({)> = -0.12] results at 
- 12 % of the full plasma cutrent as the Toroidal-Field Coil 
(TFC) varies B.(r ) from 0.4 to -0.4 T. Supplying the bulk of 
the internal totoidal flux, <j> = irr2<B,>, from the PFC circuit 
via the experimentally observed "dynamo effect" minimizes the 
TFC system requirements. Calculating one-dimensional plasma 
equilibria based on experimentally derived plasma profiles 
[force-free currents, T(r) « n(r) « JnCpr)], integrating all 
plasma properties over the cross section, and following the 
energetic particles by a Fokker-Planck formalism models the 
plasma response. Taking x c e = 5(10)"

8I(j)r2(0.13/3e)
2 for the 

electron conduction time and T . = 4xce, for the particle 
confinement time, the initial (l%itorr) filling density is 
increased to the final value by a fueling rate held below 
1.3 n^/x-j. Ignition is reached by ohmic heating in 6 s; the 
Tce Œ 1 / P ? scaling for 3Q > 0.13 saturates the ignited 10-keV 
burn at 3Q = 0.23, which includes pressure from superthermal 
particles. 
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Maintenance of I, against resistive decay by in-phase 
oscillation of the TFC and PFC circuits ("F-9 pumping") is 
proposed [5]. Reversed-field-pinch experiments demonstrate a 
remarkable coupling between these circuits as the plasma 
preferentially maintains a constant average magnetic helicity, 
K = / AxB dV , and operates within a narrow range of specific 9 
and F values. Current-drive parameters include 50-Hz 
fractional toroidal flux swings of <5<j>/4> = 0.01 and toroidal 
current swings of Sl./O.^ = 0.004. If the OHC current were 
driven to zero upon achieving steady state, the 73 MWe consumed 
by that coil set would be available for use by the current 
drive and to supply the plasma resistive dissipation 
(25.3 MWe). 

IV. FUSION-POWER-CORE (FPC) INTEGRATION 

The FPC engineering design and integration concentrated on 
the in-vacuura components (IVCs: first-wall, limiter, vacuum 
pumping), blanket/shield neutronics and thermohydraulics, and 
the magnet systems. Uniformily radiating 90 % of the 5 MW/m2 

charged-particle and ohmic powers, the remaining 
particle-transport loss would be delivered to a toroidal array 
of 24 poloidal pumped limiters operating at a peak local heat 
flux of 6.0 MW/m2 and contributing to 40 % of the first-wall 
area. Because B, « Bg at the plasma edge, poloidal pumped 
limiters or toroidal-field divertors [8] are preferable 
impurity-control schemes for the RFP. The 112-m2 first-wall 
area is comparable to the 62-m2 limiter area for STARFIRE [9], 
which is designed to withstand a surface-heat flux of 4 MW/m2. 
A high-strength copper alloy is proposed for the first-
wall/limiter surface and provides a sufficient engineering 
design margin contingent upon two predominant uncertainties: a) 
sputtering effects which invoke the use of low-Z coatings [9] 
and high plasma-edge temperatures, and b) radiation damage 
effects incurred during the structural lifetime (15 MWyr/m2 for 
the Table I design, values as low as ~ 5 MWyr/m2 being allowed 
by economics). Separate pressurized-water coolant loops are 
used for the limiter and first wall, with the first-wall 
coolant returning in the blanket structural (HT-9 ferritic 
alloy) "second wall" to satisfy corrosion-related temperature 
constraints. 

The high peak power density in the blanket (250 MWt/m3, 
comparable to that in a fission reactor core) necessitates a 
liquid-metal coolant/breeder. A 0.6-m-thick flowing PbgoLiw 
(90 % 6Li) blanket has a tritium breeding ratio of 1.06 and 
multiplies the 14.1-MeV neutron energy by 1.28. These 
two-dimensional neutronics calculations [5] quantify tradeoffs 
incurred because of design choices that: a) place water-coolant 
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manifolds near the first-wall region, and b) specify first-
wall/conducting-shell thicknesses in excess of 5 mm. 
Surrounding the blanket is a neutron reflecting shield 
consisting of 90 % stainless steel (316) and 10 Z H-O, which 
also serves a structural function for the FPC. The 
combinations of first-wall/second-wall thickness, 
manifold/header placement, breeder enrichment, and shield 
albedo enhancement combine in a multi-dimensional geometry to 
provide an important optimization for this desirably thin 
blanket/shield system; higher breeding margins are achieved by 
modest increases in the blanket thickness [5]. 

Surrounding this blanket/shield structure are 24, 0.075-m 
thick, TFCs producing a maximum toroidal field of 0.6-0.7 T at 
the windings. The PFC system is located outside the TFC set 
and is divided into a 20-coil 100-turn OHC system (394 tonnes) 
and a 12-coil 80-turn EFC system (404 tonnes). All coils use 
water-cooled copper-alloy conductors that are insulated with 
powdered or plasma-sprayed MgO or MgAl^Oo. The maximum 
conductor resistivity increase (from Ni and Zn transmutation 
products) and (MgO) insulator swelling are expected to be 
0.7-1.4 % and 0.09 v/o per annum, respectively, indicating a 
lifetime for these coils far exceeding that for the first-
wall/blanket/shield system. 

Annual replacement of the 45.2-tonne first-wall/blanket 
system (17.9 kg/MWtyr or 20,000 MWtd/tonne) for the design 
lifetime (15 MWyr/m2) increments the COE by less than 1 % for a 
fabricated material cost of $50/kg. The performance of the 
copper-alloy first-wall/1imiter components represent the 
greatest uncertainty resulting from degradation of thermal 
properties, buildup of transmutation products, and sputtering. 
Penalties reflected by increased COE do not become excessive if 
I exceeds ~ 5 MW/m2, requiring a lifetime of > 5 MWyr/m2 as 
derived from the comprehensive model relating first-wall 
loading, FPC lifetime, maintenance requirements, and plant 
availability (Fig. 1). 

The isometric view in Fig. 2 shows access at the outboard 
equatorial plane for all coolants, vacuum, and electrical 
lines. Both pressurized-water and PbLi coolant ducts are sized 
to assure critical limits on water flow velocity (̂  10 m/s), 
PbLi pressure (1.1 MPa), and pumping power (1.3 % of the gross 
electric power) are satisfied. The top half of the PFC set 
(400-tonne total) would be lifted in two sections, exposing the 
off-*site manufactured and pretested 300-tonne first-wall/ 
blanket/shield/TFC unit for replacement as a single assembly 
during the annual maintenance period. The FPC replacement time 
compared to the time to replace a smaller segment of a larger, 
low-power-density torus is an important unresolved tradeoff. 
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V. CONCLUSIONS 

The physics and engineering characteristics of key FPC 
engineering systems have been broadly described, quantified, 
and integrated for a high-wall-loading, compact RFP reactor. 
The RFP is one of a class of approaches that can confine 
high-beta ($Q •*• 0.2) plasma without excessive toroidal magnetic 
fields at external conductors. Hence, efficient, 
resistive-coil systems are possible with a FPC mass and volume 
reduced by factors in excess of 20 when compared with 
superconducting systems of similar power rating; both reduced 
cost and single-piece FPC maintenance of a factory-produced 
system become possible. Furthermore, unique and efficient 
plasma heating and steady-state current-drive systems may be 
possible. Although this study stressed impurity control by 
high-wall-coverage (poloidal) pumped liraiters, the ability to 
use closely coupled low-field resistive coils allows serious 
consideration and enhanced practicality of (toroidal-field) 
magnetic divertors. Lastly, although this study stressed the 
minimum-cost, lOOO-MWe(net), ^ 20-MW/m2(neutrons) design 
(Fig. 1), comprehensive parametric studies show acceptable cost 
penalties for lower-wall-loading FPCs [5-10 MW/m2(neutrons)] of 
nominally the same physical size, operating with reduced power 
density, delivering reduced total power, but nevertheless 
projecting a competitive system. This robustness allows the 
use of alloys based on metals other than copper while still 
projecting a significantly improved end product. Maintenance 
of the regenerative RFP dynamo at higher plasma pressures while 
retaining the already reactor-relevant beta with increasing 
current is central to achieving this competitive end product. 
The radiation response and lifetime of the copper-alloy 
first-wall and limiter systems, control of wall erosion and 
plasma impurities, and a quantitative understanding of FPC 
reliability and replacement times, all as they affect plant 
availability and COE, represent areas where technology 
development is needed. The RFP, nevertheless, presents a 
robust plasma confinement system capable of providing a range 
of reactor systems that are compact in both physical size 
and/or net power output while ensuring acceptable cost and 
engineering feasibility for a range of assumed physics (beta, 
transport) performance. 
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DISCUSSION 

B.G. LOGAN: Have you calculated how much time is needed, in the event 
of loss-of-coolant and loss-of-flow accidents, to restore emergency cooling to 
prevent melting of the copper first wall? 

R.L. HAGENSON: Preliminary estimates of the safety and environmental 
issues relating to the higher-power-density fusion power cores (FPC) have been 
made. Given constant after-heat power at 2% of the full power level, loss of water 
coolant to the pumped limiter would result in its temperature increasing to about 
67% of the melting point if the limiter radiated to an actively cooled first wall with 
an emissivity of 0.4, assuming no conduction through structural supports. Loss of 
coolant to both limiter and first-wall circuits would force these systems to within 
79% and 58% of the (copper alloy) melting point if the blanket remained actively 
cooled. The additional loss of PbLi coolant flow in the blanket would lead to a 
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limiter and first-wall temperature increase that would depend on the amount of 
natural convection allowed by the PbLi coolant circuit. Actual melting of any 
structural surface is unlikely for the 2% after-heat case and emissivities above 0.4, 
although large thermal excursions might cause alloy changes. Considerably more 
modelling is required for us to understand the 'blowdown' or depressurization 
transient, particularly for those alloys that may exceed the 2% after-heat base case 
for short times after loss of coolant or coolant flow. In addition, the plasma 
shutdown transient remains to be factored into the analysis. Considerably more 
modelling is also required for assessing the positive consequences of natural PbLi 
circulation and conduction through structural supports. Generally, the after-heat 
problem is viewed primarily as a problem of plant investment rather than one of 
public safety as such; emergency core cooling is expected to be a plant (invest
ment) safety system, in contrast to the broader role played by similar systems in 
fission plants. Furthermore, the consequences in time and dollars of such an acci
dent to the FPC become less as the FPC becomes smaller, has higher power density, 
and represents a smaller part of the total plant investment. Clearly, interesting 
trade-offs exist here, which remain to be identified. 
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Abstract 

NEW APPLICATIONS OF ECR-HEATED HOT ELECTRON PLASMA. 
The recent development of powerful continuous-wave (CW) microwave sources and the 

world programme foreseen for extending the frequency range to higher values (up to 140 GHz) 
open up new approaches to microwaves with promising prospects for new applications. Single 
of multiple frequency ECR in a correctly shaped magnetic field generates an electrodeless 
toroidal hot electron ring or cylindrical shell plasmas in situ and, if needed, in a steady state 
regime. Their densities, stored energy and geometrical dimensions are controllable by means 
of the applied magnetic field, the RF power and the frequencies. ECR-generated hot electron 
plasmas are already an essential and successful component of tandem mirror and bumpy 
torus machines. The use of the ECR hot electron plasma structures is suggested as a basic 
and starting element in reversed-field compact tori, reversed-field theta pinch, moving ring 
reactor, spheromak and divertor devices. Generation of these plasmas in situ and in the CW 
regime makes the physics and required measurements easier. The first four new applications 
are briefly described, although the concept of an ECR dynamic divertor, various versions of 
which are proposed, is emphasized. Their common feature is the generation, by ECR waves 
injected along the magnetic field, of a hot electron ionizing and trapping plasma beam, whose 
density, temperature, flow and exhaust velocity are externally controllable. The magnetic 
exhaust system, which is still under investigation, may be either of the bundle or the poloidal type. 

1. INTRODUCTION 

Since 1961 it has been shown that hot electron populations (from a few 
keV to MeV energies) are generated by ECR. The hot electron spatial distribu
tion is tailored to the magnetic field profile and takes the shape of either a 
stationary ring or a cylindrical shell, or again a plasma flow with externally 
controllable characteristics (ne, nÍ5 Vj_e, V||e.j), This research has been reviewed 
in a non-exhaustive paper [ 1 ]. It has been shown that in simple mirror and in 
minimum-B magnetic field configurations, hot electron toroidal plasmas are 
produced in a stable steady state by single or multiple frequency ECR [2]. 

385 
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z 
Magnetic field line, i Induction profile 

FIG.l. Schematic representation of a microwave reversed-field compact torus. 

2. MICROWAVE-PRODUCED REVERSED-FIELD COMPACT 
TORUS (RFCT) AND REVERSED-FIELD THETA PINCH (RFTP) 

The common driving idea is the formation, in situ and in the continuous-
wave (CW) regime, of hot electron structures shaped by the static magnetic 
profile, whose electrostatic potential, diamagnetism, density and stored energy 
are controlled by means of the radiofrequency and power [3]. 

2.1. A microwave RFCT 

The hot electron plasma toroid is formed in a stainless steel oversize cavity 
with four dielectric gaps. A central coil provides Z-stabilization and improves 
the amplitude of the field reversal. Adiabatic compression coils, which can be 
crowbarred if necessary, can increase the density by a factor of 3 to 5, and 
accordingly permit a collisional degradation of the directed energy of the hot 
electrons into thermal energy in the plasma core [4]. As can be seen in Fig. 1, 
the microwave power is launched from one end in the direction of the magnetic 
field. The injected, circularly polarized, extraordinary waves are absorbed before, 
during and after compression (whistler mode propagation). A very hot plasma 
ring is obtained in this way, and this ring is an RFCT. The method can also be 
used in a moving ring device. The open second end of the vessel is compatible 
with the transfer of the hot plasma ring to a series of successive compression 
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FIG.2. Schematic representation of a reversed-field theta pinch. 

and burial chambers. Spheromak configuration involves two modifications to 
the previous layout: 

(a) A toroidal field has to be added to the mirror field. This can be done by 
using a coaxial oversize cavity which is also compatible with ECR ring 
formation and with its crossing by a central conductor carrying the current 
needed for the toroidal field. It is again possible to use the same cylindrical 
cavity as shown in Fig. 1, but with one hole at each end along the Z-axis 
to permit the passage of a Z-pinch or an intense electron beam, which both 
generate a toroidal field. 

(b) Microwaves cannot be injected longitudinally this time but only in the 
transverse direction (modes O or X) as used in the PTF, ELMO and 
INTEREM experiments [2]. 

2.2. RFTP configuration 

This configuration (Fig.2) can easily be achieved with ECR initiation by 
using the longitudinal launching or circularly polarized waves. Its feasibility 
was verified in the worst conditions in 1963 [ 1 ]. The microwave source was 
a 3 GHz, 1 MW, 10 ¡is magnetron, which permitted whistler mode propagation 
in a 1012 cm - 3 overdense plasma cope > w cut-off m a magnetic bias field. The 
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hot electron plasma was compressed by a reversed 0-pinch. With an image 
converter, we observed the closing of the trapped magnetic lines of force and 
the formation of a hot elongated toroid. The reproduction of the same experi
ment at higher frequencies appears very promising for the generation of very 
dense (1015 cm - 3) , hot, clean toroidal plasma. 

3. ECR DYNAMIC DIVERTOR 

It is well known that, in any usual magnetic divertor [5], migration of the 
ionized particles towards the external collecting plates is governed by the 
magnetic diffusion law [5,6]. The flux speed in the scrape-off layer is well 
below the sound velocity cs, and the scrape-off layer characteristics are not 
externally controllable. A 'good' divertor is supposed to screen and remove the 
impurities (due to sputtering, erosion, recycling and irradiation) leaving the 
walls before they reach the hot plasma core. A controllable, denser and hotter 
plasma than that existing in the usual magnetic divertors in the scrape-off zone 
is desirable in order to ensure ionization of the entering neutrals and the trapping 
of ionized impurities. Finally, faster expulsion, again with an externally con
trollable speed, is needed. These are essential conditions for successful operation. 

Starting from these considerations and from systematic experimental 
research done in the recent past on ECR plasma acceleration (see Ref. [1 ]), new 
concepts are suggested and described. In this research on ECR acceleration of 
the plasma beam, the energy comes from ECR. The driving force ju(VB)res acts 
on the electrons, and the ions are dragged by the electrostatic space charge field 
developed by the accelerated electrons. In summary, the hot electron neutral 
beam flows as a result of the magnetic field gradient. If the magnetic field is 
uniform, axial movement of the hot electrons requires auxiliary mechanisms 
such as progressive waves; for example, electronic transit-time magnetic 
pumping (TTMP)e [7], or lower hybrid current drive with vphase = ( v ^ e , or, 
again, drive by a beat-wave. Thus, different scenarios are possible. 

3.1. First scenario: dynamic bundle divertor 

In this case, the ECR is locally excited by circularly polarized waves 
injected from outside the torus and along the toroidal magnetic field in the 
equatorial plane (k II B t, E R F i BT). The wave launchers are on both sides of 
two toroidal coils flanking a classical bundle divertor (Fig.3) [8,9]. Neutral 
gas is injected just behind the microwave window and ionized. The frequency 
of the wave is chosen so as to have the cyclotron resonance localized in the 
midplane of the local mirror of the external BT ripple. 

The electrons gain energy in this region and are then accelerated with the 
ions towards the collecting plates of the divertor. On its way, the hot electron 
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FIG.3. Dynamic bundle divertor. 

plasma beam ionizes and traps any neutral crossing it. A flux of 1023 p/s of 
energy from 10 eV to 100 eV requires less than 500 kW of RF power. When 
the coils of the divertor are not energized, the microwave launcher acts as a 
refuelling injector. 

The ECR wave can also be injected with an inside system of the slit 
coupled T-junction type. It must be located inside the torus, behind a toroidal 
coil, the microwave window being well protected against the direct plasma flow. 
Figure 4 represents another version of a bundle divertor, obtained by coupling 
a large tokamak (coils 2 to 11) with half of a smaller one (coils I, II, III, IV) and 
having in common two larger coils (coils 1 and 12) of the large tokamak. This 
system has been simulated on a computer; the lines of force have been drawn 
and the induction calculated. The system is equivalent to a bundle divertor 
with a larger gradient, which is favourable to higher exhaust speeds. 

3.2. Second scenario: poloidal ECR divertor 

According to the literature, in large tokamaks, such as JET, JT 60, 
DOUBLET III, ASDEX and PDX, the magnetic field ripple ÔBT/BT in the 
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Graph of lines of force, wifh the values of BT in Gauss . 

FIG.4. Computer simulation of magnetic induction along field lines of a new bundle divertor. 

equatorial plane and along the external border of the torus is very small: 
0.1% < ÔBT/BT < 1%. In this case, as schematized in Fig.5, adequately phased 
circularly polarized waves are launched periodically with an array of guides along 
the toroidal field. The chosen frequency corresponds to the local ECR just in 
the midplane of the adjacent toroidal coil. A cylindrical annulus of hot electron 
plasma is generated all round the dense plasma core and between the limiters. 
The hot electron population is divided into trapped electrons (between two 
consecutive mirrors) and circulating electrons. The situation is a little like a 
'bumpy beam'. This equatorial annular beam generates potential and diamagnetic 
wells, ionizing and trapping the neutrals coming from the walls. If a current 
is driven by some wave process in this annulus the situation is then equivalent 
to a conventional poloidal divertor, in which case the current is not carried by 
a metal conductor. The exhaust system, which is not represented in Fig.4, can 
be of either a conventional poloidal or bundle divertor type. Current drive by 
waves has been tested experimentally using either (TTMP)e on the Synchromak 
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FIG.5. Equatorial view ofpoloidal microwave divertor. 

device [10, 11] or lower hybrid waves based on Landau damping by the 
electrons [12]. In this latter case, the launching system is the well-known 
Brambilla grill with an N\\ « 6.4 T~1 / 2 . For (TTMP)e, compressional waves may 
be excited without any antenna and by just modulating the gyrotrons supplying 
the RF power. Indeed, correctly phased modulation of the RF power modulates 
the diamagnetism of the beam in the resonance zones (a few tens of gauss of 
modulation appear to be sufficient) and accordingly generates a slowly travelling 
magnetic squeezing of the plasma annulus with a phase velocity v̂ , «» (108 - 109) cm/s. 
The corresponding frequency modulation is 1 to 2 MHz. Currents of a few hundred 
thousand ampères can easily be obtained by both processes. 

The use of gyrotrons as sources has another advantage: for lower hybrid 
current drive, grill launching can be avoided. It seems possible to drive current by 
a low frequency modulation fRF = f (TTMP)e or by stochastic current generation 
via a beat-wave. If the frequencies of the microwave sources are chosen so that 
fj — f2 = fpe or fi — f2 = fun> a current is driven [13,14]. As an example, the beat-
wave generated by two gyrotrons at 70 GHz and 100 GHz can drive current in a 
5 X 1013 cm - 3 plasma. For a plasma of 1014 cm - 3 , two C02 lasers atX = 9.6Mm 
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and À = 10.6 jum lead to the same results. When the sources are gyrotrons, the 
beat-wave is a slow-wave vphase < c. With two lasers, the beat-wave phase velocity 
is very near the speed of light. 

Finally, it also appears possible to use the same phased-gyrotron system, 
oriented in the equatorial plane tangentially to the circular axis of the tokamak 
but at higher frequencies than in the border case, for driving current in the hot 
plasma core. This launching system might replace the well-known guide array, 
the grill. 

4. CONCLUSIONS 

(1 ) ECR hot electron plasmas produced with the existing powerful gyrotrons 
and, in the future, with the sources foreseen at higher frequencies, offer 
new solutions for RFCT, RFP, MRR, spheromak and divertor devices. 

(2) The hot electron plasma generated in situ by microwaves launched from 
outside the vacuum vessel seems an elegant and clean process. The steady 
state regime makes the physics and diagnostics easier. 

(3) The microwave bundle divertor creates an externally controllable dense 
and hot plasma flow in the scrape-off zone, which ionizes and expels the 
neutrals with an exhaust velocity higher than that in usual divertors. 

(4) The microwave poloidal divertor makes it possible to do away with the 
internal metal conductor, and screens the hot plasma core better against 
impurities. 

(5) The physical mechanism and the coupling system used for generating a 
hot electron plasma and inducing a toroidal current in the microwave 
poloidal divertor may also be used in the conditions defined above for 
driving current in the main toroidal plasma core. 

(6) Apart from earlier experimental results on plasma accelerators, all these 
applications are at present at the stage of conceptual suggestions. They 
require intense theoretical and experimental research. 
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Abstract 

EXPERIMENT ON REB-RING-CORE SPHERATOR (SPAC-VII). 
It is experimentally proved that a very-low-q toroidal configuration such as Spherator can 

be generated by intense pulsed REB injection, where the beam ring performs the function 
of the internal solid conductor of the Spherator. The REB ring formed has a small minor 
radius and the region usable for plasma confinement extends out of the REB ring channel. 
Both deep well and high shear are realized simultaneously. Ring current stacking during long-
pulse injection is also observed. 

1. INTRODUCTION 

Intense relativistic electron beam (REB) rings generate magnetic field 
configurations which can hardly be produced by an ordinary Ohmic discharge 
in a tokamak. A REB ring is formed in a very short time by REB injection from 
the outside and the resultant field configuration could reach a low-q state, quickly 
passing over dangerous unstable states even if they lie on the way to the final 
stage. When such a ring has a sufficiently low q-value (<1) at its periphery and is 
limited to a narrow channel, a wide region available for plasma confinement 
appears around the REB ring. This configuration can have a deep magnetic well, 
together with high magnetic shear as is the case for the Levitron [ 1 ] or the 
Spherator [2] which is equipped with an internal hard-core conductor. Therefore, 
this kind of REB ring may be called 'REB soft core'. Yoshikawa and Christofilos 
once called this configuration Astron-Spherator [3]. However, neither stable 
existence nor a. formation method of the REB soft core has been found so far, 
except the inference from the region emitting bremsstrahlung, observed in the 
previous experiment using the SPAC-VI device [4]. 

This paper describes an experiment intended to give clear evidence of the 
REB soft core and also to examine the confinement region outside the core. The 
experiment was carried out in a new device, SPAC-VII. 
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FIG. 1. (a) Schematic drawing of toroidal device SPA C- VII for experiments on REB rings, 
(b) Details of formation and compression section. Target is inserted at ring collision 

experiment. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

The experimental apparatus mainly consists of a toroidal device, SPAC-VH; 
a high-voltage pulse generator for REB production, Phoebus-III; and diagnostic 
instruments. Figure 1(a) is a schematic drawing of SPAC-VII. The device has two 
equivalent sections on both sides for REB ring formation and compression. Each 
section, as illustrated in Fig. 1 (b), has an inner diameter of 166 cm and a maximum 
inner width of 42 cm. The experiment in this paper was carried out in one of the 
sections. The toroidal field is generated by a current (500 kA maximum, 80 ms 
e-folding time) in an aluminium single conductor of 30.4 cm outer diameter. The 
time-varying spatial distribution of the axial magnetic field, which is necessary 



IAEA-CN-44/I-I-2 397 

to proceed from REB ring formation to major-radius compression, is provided by 
superposing the fields of the magnetic coils installed around the section. A total 
axial field of up to 1.5 kG is available. 

The high-voltage long-pulse generator, Phoebus-III, is equipped with an oil-
immersed Marx generator (90 kJ, 2 MV) and a 7 m long transmission line of high 
impedance (about 30 Q,). The output pulse is sent to a disc cathode which is set 
inside the vacuum chamber so that its face is directed parallel to the toroidal 
field. The available output voltage is 1.7 MV in the case of a cathode impedance 
of 30 £2 and the current rise is about 400 ns. Here, the generating of the long-
pulse requires the use of a Marx generator only, thus relaxing both engineering 
restrictions and cost associated with fast-pulse forming lines used in all earlier 
electron ring experiments. 

For electron beam injection, the plasma anode method [5] was adopted. 
After application of the external field, the vaccum chamber is filled with a 
partially ionized hydrogen plasma by a co-axial-type plasma gun, and then a 
REB is injected. To help the REB ring formation [6], a resistive shell of 1 ms 
skin time is installed inside the section (Fig. 1 (b)) and, in addition, a poloidal 
magnetic flux is supplied by using a flux swing coil. 

3. BEAM CURRENT STACKING DURING LONG-PULSE REB INJECTION 

Long-pulse injection is particularly interesting for several reasons, one of 
which is the improvement of the efficiency of REB ring formation and another 
one the possibility of current stacking during pulse imposition. This method of 
current stacking, if successful, may be applied to start up and/or sustain toroidal 
currents in other toroidal systems, e.g. tokamak or RFP. 

Figure 2(a) shows observed waveforms of the cathode potential, VD , and the 
emitted REB current, ID . The effective pulse width was nearly 1.5 jus, and the 
peaks of VD and ID were 0.8 MV and 30 kA. The self-poloidal field of the ring 
current, B , observed at the position of the inner wall surface, continuously 
increased up to 0.45 kG as is shown in Fig.2(b).The total number of injected 
electrons by a given time, t, is expressed by the injected charge 

t 
C = / ID dt. The time dependence of C was in good agreement with that of 

0 

B (Fig.2(b)). The ring current rose proportionally to the injected total charge. 
This means that the current stacking was well operated by using long-pulse REB 
injection. The increasing rate of the ring current reached 2 X 1010 A-s - 1 . 

This result suggests that steady-current operation of a toroidal system may be 
probable when a REB is steadily injected. 
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0.5 1.0 
time ( us ) 

FIG.2. Variations of parameters during long-pulse injection: 
fa) Emitted REB current from cathode ID and cathode potential V . 
(b) Poloidal magnetic field B and total injected charge C. 

4. EXPERIMENTAL EVIDENCE OF LOW-q REB RING CORE 

To see the existence of a REB soft core which generates a Spherator-like 
configuration, an experiment was performed to determine directly the size of 
the REB ring. As is shown in Fig. 1 (b), three magnetic probes forpicking up the 
poloidal field were aligned axially behind a stainless-steel target plate . The 
ring formed by the long-pulse injection was weakly compressed and made to collide 
with the target. When the REB ring touched the target, a burst of hard X-rays 
occurred which was detected through an X-ray collimator. Thus, the time of the 
collision was found. At that time, the radius of the core and the ring current, 
I R , were determined from the poloidal fields at three probes, taking account of 
the field distortion due to the central conductor. In a typical case as shown in 
Fig. 3, the poloidal field at the centre probe, B , increased slowly during the 
compression and rose rapidly just before the destruction. 

The ring current and the core minor radius at the collision were estimated 
to be 21 kA and 4.5 cm, respectively, and the safety factor q at the periphery 
was 0.6. Until the collision took place, no hard X-rays from the target plate 
were observed and no noticeable, abrupt change in the ring current arose 
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FIG.3. Variations of ring current IR (t) and poloidal magnetic field at centre probe B when 
weak compression was applied to make ring collide with target. 
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either. Therefore, it may be concluded that a REB soft core of a very-low-q 
state exists and carries the bulk of the toroidal current. The magnetic field 
configuration of this shot is shown in Fig.4. 

The core radius was also inferred from the spatial distribution of the emitted 
bremsstrahlung of energies above 100 keV. A five-channel X-ray collimator was 
used for this purpose. The emitting region had nearly the same minor radius as 
was measured by the target method. 

5. CONFIGURATION AND TRAPPING REGION OF PLASMA 

The safety factor q of the configuration produced by the REB soft core 
becomes smaller when one approaches the core from outside, as is seen in Fig.4. 
Rational surfaces q = .., 3, 2, 1 are present there. To see the confinement region 
of the plasma, the line density profile of the plasma was measured by a multi-channel 
HCN-laser interferometer. The radial density distribution as reduced by Abel 
inversion is also shown in Fig.4. The confined plasma of a density of the order of 
1013 cm -3 expanded to the q = 1 surface, and then the density dropped outside. 
This implies that the confinement region is limited to the q = 1 surface. 

The well depth inside the q = 1 surface is 4.5% in this case. In the case of 
higher beam electron energies or a more slender core, the well depth can be much 
deeper since the axial magnetic field necessary for the equilibrium becomes stronger 
and the magnetic surfaces are more compressed on the outer side of the torus. 
There is no toroidal current outside the REB core so that plasma confinement 
in the currentless region becomes possible and axisymmetry may be maintained. 

6. CONCLUSIONS 

Experimental evidence was given of the existence of a low-q REB ring core 
which generates a Spherator configuration. The region useable for plasma confine
ment extends out of the core to the q = 1 surface. This configuration is attractive 
for plasma confinement in that low-q or high-current operation preserving both 
magnetic well and high shear is possible without extremely deforming the plasma 
cross-section. 

Current stacking by long-pulse REB injection was demonstrated to be 
feasible. This method will be adopted to start up or sustain toroidal currents 
in other types of devices. 

We should like to note that H.H. Fleischmann of Cornell University took 
part in this work at an early stage, under the Japan-US Fusion Cooperation 
Programme. 
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Abstract 

EXPERIMENTAL AND THEORETICAL INVESTIGATIONS OF COMPACT TOROID 
CONFIGURATIONS WITH LARGE-ORBIT PARTICLES. 

Experimental and theoretical progress has been made on toroidal plasma configurations 
(spheromaks) including an energetic, large-orbit, ion ring component. A particular advantage 
of the ion ring component is the stabilization of the tilt-shift modes without close-fitting metal 
walls, and the added flexibility of the possible reactor options of the configuration. The theory 
has now been developed to the point where definite stability predictions can be made on the 
percentage of the total current in the ion rings needed for stability as well as the optimum 
geometry. Experiments on the RECE-Christa device have succeeded in generating stable rings 
with about equal plasma and large-orbit fast electron currents. 

1. INTRODUCTION 

Plasma rings of the compact toroid (CT) type offer potential advantages 
for the design of fusion reactors. However, a number of these advantages depend 
critically on the avoidance of gross instabilities, particularly the tilt-shift type, 
without using close-fitting metal shells. It has been proposed [1, 2] to provide 
such stabilization by using high-energy, large-orbit particles for carrying part of 
the azimuthal current. In addition, such high-energy particles can provide 
additional heating [3] and/or profile shaping [4] for CT plasma rings. This paper 
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FIG.l. Experimental arrangement in the magnetic wall downstream. 

presents first experimental and theoretical information on the generation, behaviour, 
and stability limits of such 'mixed CT' rings. Undertaken by the two Cornell 
groups (RECE and LPS), these investigations centre on experiments on the RECE-
Christa device on which mixed CT rings were generated, the general stability 
analysis, and a model calculation of the tilt-shift stability of mixed CT rings. 

2. EXPERIMENTS (RECE) 

Our mixed CT experiments were performed in the RECE-Christa device 
(see, e.g., Ref. [5] ). In brief, an intense electron beam pulse (typically 2—3 MeV 
peak, 40 kA peak, 80 ns duration) is injected tangentially into a magnetic field 
consisting of a nearly homogeneous steady state axial field Bz0 = 300—500 G, a 
toroidal field BQ generated by an axial current Iz = 50—110 kA, and various 
pulsed fields. An electron ring is initially trapped upstream in a puffed-in gas 
cloud and then translated axially into the low gas density region downstream 
(about 3 m from the injector) where P0 «* 2 X 10 -3 torr. For the present 
experiments, the arrangement shown in Fig. 1 is used downstream with the electron 
ring placed in the centre of this region. An induction coil (5 cm dia., 1.5 m long, 
300 turns) is placed along the tank axis inside the existing compression coil (see, 
e.g., Ref. [5]). It will generate a pulsed toroidal electric field E^(r1/4 « 170 ¡is, 
loop voltage VL < 20 V/turn) driving plasma currents in the direction of the fast 
electron current. The relative strength and timing of the induction and compression 
fields are adjusted to obtain best results. 
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FIG.2. Typical results: (A) probe recordings; (B) axial ring position; (C) total ring current I ; 
(D) effective current radius. 

In diagnostics, the magnetic fields generated by the ring are measured by 
magnetic probes placed along the tank axis and at the wall. A 4 mm microwave 
interferometer monitors the plasma density along a radial chord. Typically, the 
observed line-averaged densities increase rapidly during the Eg pulse from a few 
times 1012 cm"3 to cut-off (n = 7 X 1013 cm3) within about 30 jus. 

Figure 2 shows a typical result. After removal of a weak ring initially trapped 
downstream, a strong ring (field-reversed Ô = 110%) arrives (length 15 cm, I = 6.7 kA). 
When the induction and compression coils are energized in sequence (30 /xs apart), 
the probes indicate a rapid rise of the ring-generated field to 8 = 240% due to 
plasma currents I . Subsequently, the ring-generated fields decay again following 
the decrease of the induced Eg fields and the related cooling of the plasma. 

All traces are very smooth throughout the EQ pulse, i.e. without any indications 
of gross instabilities. Figure 2 (B) shows that the apparent slight variations in the 
ratios of the various probe responses simply result from changes in the axial 
position of the ring. 

As shown in Fig.2(C), the total ring current I t more than doubles after the 
induction coil is energized. Quite significantly, I t, the value observed at the end 
of-the EQ pulse, is about equal to the initial fast-electron current 1°. 

As shown in Fig. 2(D), the effective radius of the current flow stays approxi
mately constant in this case, i.e. the radius at which I flows and the increase in 
total force, [Ie0 + Ip(t)] -Bz(t), appears to be nearly in balance with the simulta
neous momentum increase of the fast particles. In contrast, sizeable radius changes 
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are seen when different ratios of induction coil and compression coil voltages or 
a different relation timing are used. The fraction of fast electrons remaining after 
the E# pulse is greatly reduced in that case, as is to be expected owing to the loss 
of fast electrons hitting the centre conductor or the outer wall during such radius 
excursions. 

The observed current enhancement is due to induced plasma currents. In 
principle, this could also result from a betatron-type acceleration of the fast 
electrons and/or from runaway electrons, but our earlier betatron measurements 
indicate that this effect will contribute less than 10— 15%. The contributions from 
runaway electrons also appear small. Using the external E^, the observed electron 
temperature Te ^ 1 —3, as well as taking into account the inductive fields of the rapidly 
rising I t and the observed simultaneous rise in plasma density np -*• 1014 cm"3, 
we estimate a Dreicer parameter, E^/Ec «* 0.02, at which very little runaway 
current will be generated. This conclusion also agrees with the observed rapid 
decrease of It at the end of the EQ pulse and the fact that I t after the Eg pulse 
is never larger than the initial 1 :̂ runaway electrons would be accelerated to 
several hundred keV and would thus persist long after the E# pulse. 

3. LOW FREQUENCY STABILITY OF CT/ION RING CONFIGURATIONS 
(LPS) 

We consider an axisymmetric compact torus/ion ring hybrid system in 
which a fraction of the azimuthal current is carried by large-orbit energetic ions. 
The confined plasma is described by the ideal two-fluid equations and the ring 
ions by the Vlasov equation. To examine the low-frequency stability of this 
system to a fluid displacement f (x) exp(—iwt), we employ the energy principle 
[6,7]: 

w2K = ÔWI + ÔWn + ÔWbI + L = ÔW (1) 

where 

K=l~ Jd3xnpmp |?|2 

v i 

L = q / d3xnb |*-ÔË 

v 

= l- I d3x[|ôB|2/47r-î*-TpXB+TplV.1l2+î*-Vp(V-1)] ÔWj 

v i 
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n = i J d3x[|VXÔÂ|2/47r + î* .ôr b XS] ÔW 
11 2 

v 

1 
ôwbI = - J d3x[|*.ofbxB] 

V I 

The perturbed fields are SE = icof X 3 ; 5B =VX (i X B) in the confined 
plasma within the separatrix; ôÂ in the region outside the separatrix (SÂ = f X S 
in the region occupied by plasma and beam); p, n and j are plasma pressure, 
ion density, and current density, respectively; nb is ring ion density; 
5Ĵ  = q /d3 vvô f is the perturbed ring current density; Vj and Vn refer to the 
volume within the separatrix and between the separatrix and a conducting 
exterior wall, respectively. Note that the ring ions (charge neutralized by electrons) 
could occupy a fraction of Vn. The equilibrium magnetic field fi may soak 
through the conducting wall. 

We now express Eq. (1) in a particularly useful form by recognizing that 
(V = VI + Vn): 

Ô W b = _ T /d3xd3vÔf1*-(vXB)=- /d3xd3vÔfî*-— y 
2 J 2 J dt 

V V 

= ™ J d 3 xd 3 v?^( f*5f ) (2) 

V 

through Liouville's theorem. For a rigid rotor equilibrium distribution: 
f = f(H — Í2P0) with H = imv2 and P¿ = mpv¿ + qpA¿ ; (p, (f>, z and r, 6, 0 are 
cylindrical and spherical co-ordinate systems respectively); ÔWb can be written as 

m / A 
5W, = P - - / d3xd3v|*-v — Of b 2 J dt 

V 

= P - L - ^ /d3xd3v?*-(fb XôB) (3) 

v 

where dôf/dt = -(q/m) (ÔË + v X ôB)-Ôf0/Ôv and 

P = Y / d3xd2v5f(v.d?*/dt) 
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Finally, from Eqs (1) and (3), 

SW = SW{ + ÔW{, + P (4) 

where ÔW| is the same expression as ÔWj except for replacing! XjbyjL = j ^ + f 
and 5W¿ = \/d3x [|VX ÔÂI2¡4n - î * -(f X fiS)]. The non-fluid character of 
the ring ions is contained in P while ÔWj + SWjj are the usual MHD contributions. 

Here, we consider the tilt stability of a spheromak modified by an ion ring. 
Let the ring current Ib be much smaller than the spheromak current, i.e. 
Ib/Is = e < 1. The spheromak separatrix at r = r0 is perturbed owing to 
j , =nbpq£20 by an amount [8] 6r(0) = -^i(r0,0)/(9i//o/9r)r=ro where B = fi0 + eB\ ; 
B0 is the unmodified spheromak field; V X B\ = 4irqn^pQ,$; andB\ = \/\¡J1+ bV0. 
Let the unstable eigenmode be represented by f=To + e£> where |"0 = a? X x is the 
rigid tilt mode [8] of the unmodified spheromak (amplitude a). Then the term 
P in Eq. (4) vanishes [9] to first order in e since v -(d£0/dt) = 0 (to order CJ/£2 < 1) 
and the ring current is of order e. Following Hammer's analysis [10], it is then 
possible to show that ÔWj + ôW{j reduce to a surface integral on the conducting 
wall: 

~a2x% } 
5W = — — / da sin a 

0 
9 B A \ 2 B2 

90 

or(0) 3 / 3 B A A(0) 
sin 0 BQ + rosin0 30 \ a 90 / r0 

(5) 

where wall and separatrix shapes are specified by rs = r — or(0); rw = r — A(0) — or(0); 
A(0) is the separation between the wall and separatrix; and B# is the unmodified 
spheromak field. Thus the stabilizing effect of the ring, fpr this case, can be 
expressed entirely in terms of or(0). In general 6r(7r/2) > 0, the separatrix is 
deformed to oblateness and ÔW > 5W(IB = 0, A =£ 0). An important conclusion 
from this fact is that a fraction of the ring current could exist outside the separatrix 
in Vn and still exert a stabilizing influence through ¿>r(0). Because of the very much 
lower plasma density on open field lines than that within the separatrix, the colli-
sional lifetime of the ring ions is considerably enhanced. This results in significant 
improvements in reactor Q of the hybrid configuration since Q is proportional to 
the particle lifetime. 

We have also examined the stability of long, thin axisymmetric mirrors to 
finite azimuthal mode number interchange and ballooning modes when the 
equilibrium has an energetic nearly axis-encircling ion component. The assumption 
of elongated geometry, combined with the assumption of nearly axis-encircling 
beam ion orbits, leads to a relatively simple local sufficient condition for stability 
on each flux surface. The self-adjoint energy principle which results has the form: 
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5W(i//) = 
dz 

B , i r 
j V ( r B ^ n ) 2 + 2 r / c e B P ^ + l d € 

P2 

P = Pl 

v / a fob , m afob 
XV 3e \ Wd J (6) 

where t// is the flux function; £n the normal displacement; Ke = (n -V)b + 47rJb/(cB) 
is the effective curvature; f0b is the beam distribution function which depends 
only upon e and P0 ; and m is the azimuthal mode number. The frequency 
a = PÍ2 + mi20 is the single particle resonance frequency, which consists of the 
axial bounce frequency Í2 and the azimuthal gyration frequency £20. The orbital 
integrals are given by 

^ p ( e , Po) = m b f — J /dr£22r£nexp [ipí2zr + im£20 T ^ T ) ] (7) 

where SI = eB/mc and 

7(0 = ^ - 1 2 ^ f dr'^ 

0 

The summation over the axial bounce harmonic number p ranges between Px 
and p 2 , which are those bounding values of p for which the orbit integral $ 
has a leading order contribution in the elongation parameter e = a/b, where 
a and b are the radial and axial dimensions of the equilibrium [11]. 

For ÔW(i//) > 0 for all i// and m, the equilibrium is stable to MHD-type 
interchange and ballooning models. We have evaluated Eq. (7) numerically using 
a linear representation for the eigenfunction £n(z). The beam is stabilizing in 
the inner region where the beam density is increasing nb(i//) > 0, but it is 
destabilizing for nb (i//) < 0. The instability persists to large m-values. The 
coupling of the beam ions to large-m modes is attributable to the special 
periodic nature of the nearly axis-encircling orbits which have been assumed. 
Finn [12] has shown that, under certain assumptions involving ion orbits 
of a more stochastic nature, for large m the ion orbits decouple completely 
from the mode perturbations. In this case, the only remnant of the beam 
appears in the 47rJb/cB term in the effective curvature. For the parameters 
with KQ > 0 on all \jj, the only destabilizing contribution is from the kinetic orbit 
effects in the last term in Eq. (7). These results indicate to us that a more effective 
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approach to energetic ion stabilization of MHD modes in axisymmetric mirrors 
would be through the use of beam ions with stochastic orbits. 

4. MODEL ANALYSIS OF STABILITY (RECE) 

As an alternative to the full stability analysis from Eq. (1), we (RECE) have 
developed a heuristic method for obtaining necessary limits on the fast particle 
current required for tilt and shift stability of the plasma. We consider a rigid 
tilt or shift (Sqa = 50, 5x, 5z) of the CT plasma with the fast particle component 
held fixed. The magnetic energy, Wm, of the full system is expressed in terms of 
the currents in the different components and the induction coefficients: 

*m~{Th*Vfi ») 

where a, j3 run over: (a) the CT plasma ring, (b) the fast particle ring, (c) the 
external field coils, and (d) the currents in the conducting boundaries. The 
condition for tilt or shift stability is that the corresponding force F a = 9Wm/3qa 

have the opposite sign to that of the displacement. We have chosen to take the 
q-derivatives with the I^'sheld constant. 

Here, we illustrate our heuristic method by considering the tilt stability of 
a CT plasma in the presence of an ion ring and in a uniform external magnetic 
field Be = zBe with no conducting walls. The 0-dependent terms in Wm consist 
of Wm(0) = L1 2I aI2 + L^I j Ia , where the last term can evidently be rewritten as 
Li3 Ii I3 = -M0&. with M the magnetic moment of the CT plasma. Recall that 
M is in general antiparallel to Be. Our stability requirement can thus be expressed 
as: 

3L12 + 3Ai Bg 
dd2 2 dd2 

l2+TTÍ~~>0 (9) 

where Ax > 0 is the effective projected area of the CT plasma. The first term 
in inequality (9) represents the stabilizing influence of the fast particle ring, 
whereas the second term, which is negative, describes the unstable behaviour of 
a counter-aligned magnetic moment in an external field. The numerical evaluation 
of Eq. (9) using self-consistent CT plasma/ion ring equilibria evidently leads to a 
simple requirement on the total ion ring current needed for stability, I2 > Icrit, 
if 3L12/302 > 0. An estimate based on this formula indicates that the required 
current is of the order of 10—15% of the total current with a significant part of the 
ion ring current being placed within the plasma ring. 
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Abstract 

FIELD REVERSAL AND COMPACT TORUS FORMATION WITH LONG-PULSE ROTATING 
RELATIVISTIC ELECTRON BEAM. 

A reversed-field configuration has been formed by a long-pulse-duration intense electron 
beam when injected into neutral gas. The 4 to 8 kA, 500 ns duration, electron beam produced 
by a Marx generator-driven vacuum field emission diode is made to pass through a non-adiabatic 
magnetic cusp. The resulting rotating electron beam is propagated through 150 mtorr hydrogen 
gas contained in a flux-conserving cylinder. Field reversal up to twice the initial magnetic field 
at 100 G was observed. The reversal is created by beam currents during the time of beam 
propagation but is sustained by currents induced in the plasma after the beam has exited. The 
observed decay time and measured plasma electron temperature are consistent with classical 
dissipation of beam-induced currents. The axial extent of the reversed-field configuration is 
about 100 cm. 

1. INTRODUCTION 

A compact torus (CT), which is an axisymmetric magnetic confinement 
configuration in which poloidal (Bz) field lines are closed and encircle the plasma 
while the toroidal field (B0) is trapped within the plasma, has received much 
attention recently. The closed minimum-B field configuration of the CT provides 
the plasma with hydrodynamic stability, while the plasma beta can exceed unity, 
which results in high power density reactors. 

A number of methods of creating CTs are currently being pursued. Genera
tion of CT configuration by methods such as reversed-field theta pinch [1,2] and 
trapping the poloidal flux in a fast moving plasma ring ejected by a coaxial-
type plasma gun [3] have been substantially developed. The use of a rotating 
rel.ativistic electron beam (REB) to produce a CT was initiated in the Astron 
device. Successful experiments have been carried out [4, 5] to form a reversed-
field electron layer using the diamagnetic current of electrons with large Larmor 
radius. More recently, a new method [6] of internal magnetic field reversal using 
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FIG.l. Schematic of the experimental system and external magnetic field configuration. 



IAEA-CN-44/I-I-4 415 

induction of plasma return currents by a pulsed electron beam has been suggested. 
Generation of reversed fields from induced plasma currents was observed in a few 
experiments [7—9] when a short-duration (about 50 ns) rotating REB was 
injected into neutral gas. Here, we report experimental results on the formation of 
a reversed-field configuration by a long-pulse-duration (500 ns) rotating REB. 

2. EXPERIMENTAL DEVICE 

Figure 1 is a schematic diagram of the experimental set-up with magnetic field 
configuration. The device consists of a 30 cm dia. stainless steel vacuum chamber, 
a system of magnetic field coils, and an REB generator, The magnetic field 
configuration is a combination of a non-adiabatic cusp and a homogeneous field. 
The long-pulse-duration (pulse width 500 ns) electron beam was obtained by 
directly connecting a 20 stage 30 £2 Marx generator to a vacuum field emission 
diode through an oil-filled coaxial transmission line. The Marx generator output 
was typically 500 kV. The diode consists of an annular graphite cathode of 
40 mm o.d., 26 mm i.d., and an anode of 6 jum thick Al foil. The diode is located 
so that the beam starts parallel to the magnetic field and gains rotational velocity 
after passing through the non-adiabatic cusp. The region beyond the anode is 
filled with hydrogen gas at a pressure of a few hundred mtorr. A grounded brass 
grid was placed 150 cm away from the cusp to terminate the beam after its 
passage through the drift tube. 

The spatial and temporal behaviour of the reversed fields was monitored by 
a set of magnetic probes and an array of identical diamagnetic loops kept at 
different axial locations. Other diagnostics used during the studies were 
Rogowski coils, Langmuir probes, a microwave interferometer and a mono-
chromator. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the temporal variation of the change in the axial magnetic 
field ABZ measured with a diamagnetic loop at an axial distance 22 cm from the 
cusp plane and at 150 mtorr pressure. The magnetic perturbation reaches a 
maximum in 300 ns and decays slowly in 6 jus. The peak value of change in the 
axial magnetic field is 225 G. This value of ABZ corresponds to 2.25 times the 
initial magnetic field, i.e. the axial magnetic field is completely reversed. The 
radial profile of the induced axial magnetic field was obtained at an axial distance 
of 40 cm with the help of a radially movable magnetic probe, as shown in Fig.3, 
from which we see that the ABZ is diamagnetic up to a radial distance of 30 mm 
and becomes paramagnetic thereafter. The peak paramagnetic field is quite 
small compared to the diamagnetic field. 
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FIG.2. Time evolution of the change in axial magnetic field A5Z 
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RADIAL DISTANCE (cm) 

FIG.3. Radial profile of change in axial magnetic field ABZ. Z = 40 cm. 

The dependence of the induced magnetic field ABZ on the initial magnetic 
field is shown in Fig.4. We observe an increase in ABZ with initial magnetic field 
up to 300 G and thereafter a decrease. This suggests that the number of beam 
particles traversing the cusp reduces at a higher magnetic field. The reason for 
such a low cusp magnetic cut-off is attributed to the low energy of the electron 
beam owing to mismatching of the diode impedance with Marx impedance. 

The axial dependence of ABZ was obtained with the help of a set of magnetic 
probes located at different axial positions. Figure 5 shows the axial variation of 
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FIG.4. Dependence of ABZ on external magnetic field B0. 
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FIG.5. Axial variation of peak amplitude of ABZ at axis. 

the peak value of the induced magnetic field ABZ. At the centre, the strength of 
the reversed field is greater by a factor of two than the strength at the ends and 
further. The maximum axial length over which field reversal was observed is about 
100 cm. 

Spectroscopic studies of visible light from the plasma formed by the electron 
beam were carried out to determine the plasma temperature. For this purpose, 
the ratio of the helium singlet to triplet line intensity was measured by a 
monochromator. The plasma temperature thus obtained was in the 1 - 3 eV range, 
which is in fairly good agreement with an estimate calculated from observed 1 /e 
decay time of ABZ assuming classical resistive decay. 
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4. CONCLUSIONS 

A reversed-field configuration was formed when a long-pulse-duration intense 
rotating REB was injected into hydrogen gas. Field reversal was observed up to 
twice the initial magnetic field. The change in magnetic field was found to be 
dependent on the external magnetic field. The observed decay time of ABZ 

agrees with the lifetime estimated from measured plasma temperature. The 
observed reversed-field configuration was 100 cm long. 

ACKNOWLEDGEMENTS 

The authors are indebted to Professor P.K. Kaw for many stimulating 
discussions. They also wish to acknowledge the help of Dr. R. Pal during 
spectroscopy measurements. 

REFERENCES 

[ 1 ] ARMSTRONG, W.T., LINFORD, R.K., UPSON, J., PLATTS, D.A., SHERWOOD, E.G., 
Phys. Fluids 24(1981) 2068. 

[2] HOFFMAN, A.L., MILROY, R.D., STEINHAUER, L.C., Appl. Phys. Lett. 41 (1982) 31. 
[3] JARBOE, T.R., HEINS, I., HOIDA, H.W., MARSHALL, J., PLATTS, D.A., Phys. Rev. 

Lett. 45(1980) 1264. 
[4] CHRISTOFILOS, N.C., in Peaceful Uses of Atomic Energy (Proc. 2nd UN Int. Conf. 

Geneva, 1958), Vol.32, United Nations, Geneva (1958) 279. 
[5] REJ, D., PhD Thesis, Cornell Univ., 1981. 
[6] SETHIAN, J.D., GERBER, K.A., DESILVA, A.W., ROBSON, A.E., Naval Research Lab., 

Washington, DC, Memorandum Rep. No. 4932 (1982). 
[7] KAPETANAKOS, C.A., BLOCK, W.M., STRIFFLER, CD., Appl. Phys. Lett. 26 

(1975)368. 
[8] ROBERSON, C.W., TZACH, D., ROSTOKER, N., Appl. Phys. Lett. 32 (1978) 214. 
[9] SETHIAN, J.D., GERBER, K.A., SPECTOR, D.N., ROBSON, A.E., Phys. Rev. Lett. 41 

(1978)798. 



IAEA-CN-44/M-5 

HOT-ION PLASMA IN THE TOROIDAL 
CUSP EXPERIMENT 

M. RHODES, J.M. DAWSON, P. GAO, 
N.C. LUHMANN Jr., S.T. RATIFF, J.N. LeBOEUF 
University of California, 
Los Angeles, California, 

United States of America 

Abstract 

HOT-ION PLASMA IN THE TOROIDAL CUSP EXPERIMENT. 
The paper describes the theoretical background and experimental results of a novel 

magnetic confinement device called the Toroidal Cusp Experiment (TCX). A 48-pole 
externally mounted electromagnet provides the cusp-shaped field which acts to restrain 
electron motion when a toroidal E-field is induced via an iron core transformer. The ions 
are freely accelerated, carrying essentially all the plasma current (S3-7 kA), and experience 
direct Ohmic heating. Typical helium plasma parameters are: ne > 1 X 1014 cm-3, Te = 14 eV, 
Tj = 200 eV with up to a 600 eV tail in the direction of acceleration and a plasma duration 
of 0.5-1 ms limited by the OH transformer volt-seconds. Operation with hydrogen has 
yielded somewhat lower parameters due to limitation by charge exchange reactions. - The 
theory section provides a simple argument to explain how the cusp-shaped field provides for 
preferential ion current. Also, results from a single-particle orbit code show how in toroidal 
geometry the cusp field acts as a periodic magnetic lens array which provides a focusing 
force allowing ions to execute constant-radius toroidal orbits. Equilibrium is provided for 
the ion plasma current without a vertical field. The experimental section details data from 
hydrogen and helium plasmas, including scalings for applied E-field, B-field, and gas fill 
pressure. Observations are discussed in detail, and plans for TCX2, a larger, more powerful 
device now nearing completion, are outlined. 

1. INTRODUCTION 

The Toroidal Cusp Experiment (TCX) is a novel plasma con
finement device (R = 45, r = 15 cm) in which an induced plasma 
current is carried preferentially bv the ions rather than the 
electrons, allowing direct ion ohmic heating. A previous dev
ice [1-3] based on a similar operating principle was limited 
to operation with argon and very short plasma duration ( < 10 
Its). 

The preferential ion current is produced by applying an 
external high order multipole cusp field generated with 
poloidal current elements. In the actual experimental device, 
two configurations have been employed; 46 and 48 poles. The 
radial component of the cusp field acts to restrain electron 
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motion and allows the ions to accelerate when an inductive 
electric field is applied via an iron core transformer. This 
preferential ion current has been verified by both computer 
simulation [4] and experiment [5]. Besides direct ion ohmic 
heating, other advantages of the TCX configuration include low 
synchrotron losses and a high degree of MHD stability. 

The cusp field also provides equilibrium for the toroidal 
ion current by acting as a periodic arrav of lenses which focus 
the accelerated ions towards the toroidal axis. Stable plasma 
currents of up to 7 kA have been achieved with no applied vert
ical field. 

The remainder of this paper is organized as follows. In 
Sec. 2 we will discuss the physical principles that lead to 
preferential ion current, equilibrium, and good ion confinement 
through the magnetic lens focussing effect. In Sec. 3 our 
detailed experimental results are described. Finally, in Sec. 
4 we will present some conclusions and outline our future 
plans. 

2. PHYSICAL PRINCIPLES 

The objective of TCX is to show that a hot ion plasma can 
be produced and confined in a device where ohmic heating power 
is directly absorbed bv the ions. A simple analytic argument 
will be used to show that the TCX field geometry allows the 
ions to carry essentially all the plasma current instead of the 
electrons as in tokamaks. We will also show how the TCX field 
provides a magnetic focusing force which balances centrifugal 
forces to provide equilibrium and confinement for the 
toroidally accelerated ions. No vertical field is required. 

In a field free Dlasma, or where motion is along field 
lines as in Tokamaks, an applied electric field drives a 
current carried essentially by the electrons. Specifically, 

_^ = _£ = 1837 for hydrogen 

The situation is different for TCX. The cusp field leads 
to a critical radius 
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4m.c2E0l 

within which particles carry current. We can new write for the 
current density 

A- J m. m 
J • = nov.- •' which implies tha t -=r- = — — = 1 

In summary, particle acceleration is balanced by vxB 
forces in TCX. Electron motion is restrained while the ions 
are free to carry all the plasma current and be accelerated to 
high energy. 

Results from a fullv self consistent plasma particle 
simulation in slab geometry clearly show the effects of ion 
current enhancement and plasma shielding. Further details of 
the simulation results including electric field shielding, 
pinch field confinement enhancement, heating rates, and mag
netic field perturbation by induced plasma currents has been 
published elsewhere [6,7]. In addition to the standard TCX 
configuration, two modified TCX configurations have also been 
analyzed via particle simulation [8] . Specifically, a toroidal 
field component was added to the normal cusp field and a heli
cally wound cusp field was also studied. Both of these 
geometries allow more electron current and heating without sac
rificing ion acceleration. 

The applied cusp field leads to a magnetic focussing 
force which is a key element in the operation of TCX. The field 
produces a radial force. Since this function is always nega
tive, the focussing force is always radially inward. Particles 
drifting in the z direction exhibit sinusoidal orbits in "r" 
about the z-axis. The particles remain confined within the 
system with the cusp coils acting as a periodic arrav of mag
netic lenses. 

When the long cylindrical system is wrapped into a torus, 
the situation is somewhat different. Toroidally drifting par
ticles also experience a centrifugal force. We can attempt to 
balance the focussing force with the centrifugal force to find 
particles that orbit at a constant toroidal radius. This was 
done with the aid of a single particle orbit code, TIBROX [9], 
The field was set up to resemble the TCX1 field employing 50 
current loops of radius r=15 cm equally spaced around a circle 
with a 45 cm radius. A sample run exhibiting excellent force 
balance is shown in Fig. 1. 

r ? -
-I 
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FIG. 1. TIBROX output for a case where centrifugal force is well balanced by cusp 
focusing force. 

3. EXPERIMENTAL RESULTS 

In this section we present our experimental results. 
Experiments have been performed on TCX1 (R = 45 cm, r = 15 cm) 
while a larqer version TCX2 (R = 120 cm, r = 30 cm) is 
presently in the vacuum testing stage and should be in full 
operation by fall 1984. Some of the design features of TCX2 
will be mentioned in Sec. 4. 

To obtain a typical TCX discharge, the following sequence 
is employed; The chamber is maintained at high vacuum (4 x 
10 torr) until a puff of working gas (hydrogen, helium, etc.) 
is introduced via an electrically controlled valve. A 0-900 V 
electrolytic capacitor bank is then discharged into the cusp 
field coil. When the magnet current peaks, a hot filament 
discharge is employed to preionize the fill gas to 1 x 10 cm 
plasma density. The main discharge is then initiated by puls
ing the 30 turn iron core primary with a 0-15 kv capacitor 
bank. Figure 2 shows the results fronua typical discharge. 
Plasma current ( = 3 kA) and density (4x10 cm hydrogen) rise 
until the loop voltage (200 V) begins a slow decay. When the 
iron core saturates the loop voltage drops rapidly and the 
discharge ends. A core bias svstem is used to double swing the 
transformer thus providing maximum volt-seconds and therefore 
maximum plasma duration. Note that the plasma current and loop 

50 Pole Field 

v = 4x106 cm-s" 

x 56 cm 
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DENSITY 2x1013/cm3peak 

PLASMA 
CURRENT 

2.6 kA peak 

LOOP 
VOLTAGE 

110 volts peak 

0.1 ms/div 

FIG. 2. Data from a typical hydrogen plasma discharge, 
core transformer saturates. 

The discharge ends when the iron 

voltage differ from typical tokamak parameters by roughly fac
tors of (n^/nu) ' and (mj/m ) x / , respectively. 

Several important features of TCX have been verified 
experimentally including equilibrium without vertical field, 
plasma current is due to ion flow, and comparison of observed 
ion energv with predictions from the single particle orbit cal
culations presented previously. In general, we observe highly 
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FIG.3. Comparison of ion energy distributions in and against direction of acceleration. Ion 
motion is seen to be highly directional. 

directed ion motion toroidallv as predicted by the single par
ticle code. However, this directed motion is also strongly 
thermalized with effective energies = 1-6 times the drift 
energy. This is in qualitative agreement with the simulation 
results which show strong ion heating in the direction of 
acceleration. 

We have strong evidence that the cusp field alone pro
vides sufficient equilibrium to allow a stable toroidal current 
in TCX. We find that an applied vertical field disrupts the 
plasma when the field is high enough for the Larmor radius of 
an ion to become comparable to the TCX maior radius. 

To verify the existence of ion current, a retarding grid 
ion energy (PGIE) analyzer and a differential Langmuir (DL) 
probe were employed. The RGIE was developed to meet the unique 
requirements of TCX. The ion repeller grid, is typically swept 
from 0 to 500 V in 100 fis thus providing single shot measure
ment of the ion energy distribution. 

Figure 3 shows raw data from the RGIE comparing ion sig
nals parallel and anti-parallel to the applied electric field. 
The ions are clearly flowing in the direction of the applied 
field. By scanning the probe radially, the ion current density 
profile and thus the total ion current is obtained. This is 
compared to the net plasma current measured with a Rogowski 
coii outside the chamber and is found to be in reasonable 
agreement supporting the picture that the ions carry the bulk 
of the current. 

The DL probe is essentially two planar Langmuir probes 
facing in opposite directions. The probes are biased to either 
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FIG. 4. Relative drift motion for ions and electrons as measured with differential Langmuir probe. 

ion or electron saturation and the resulting signals are meas
ured differentially. The output is then proportional to any 
net drift. Figure 4 shows the drift profiles as measured with 
the DL probe for both ions and electrons. The ions are 
accelerated by the E-field across the entire profile in agree
ment with the RGIE. The electrons, however, are drifting with 
the electric field (opposite direction from the ions) only near 
the center of the machine while in the outer reqion they drift 
in the same direction as the ions. This is in contrast to the 
simulation results where the electrons always drift in the 
opposite direction from the ions. However, the simulation is 
collisionless while the experiment is not with T. = 14 us. 
Except for very close to the center where the B fielde is weak 
enough for electrons to cross the cusp, the electrons are 
dragged along with the ions. Also we note that unlike the 
simulations, the E field does penetrate to the center indicat
ing that the skin depth is increased by collisions. 
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FIG.5. Recent ion energy distribution with 48-pole magnet. Two separate helium discharges 
are shown. 

We have measured the line average plasma density with a 
93 GHz microwave interferometer. Typical results for hvdrogen 
plasma are n = 4x10 cm . With helium plasma, the inter
ferometer beam is cutoff during most of the_plasma during indi
cating a density well in excess of 1x10 cm . 

The central issue in the TCX program is the production 
and confinement of high energy ions. Previouslv, we showed 
that in the outer half of the enclosed experimental volume ions 
can maintain toroidal orbits when the focussing force balances 
centrifugal force. In the actual experiment an electric field 
accelerates the ions but the acceleration can be balanced bv 
collisions with electrons, other ions, and neutrals. Also, 
with hydrogen plasma, charge exchange can be expected to play a 
dominant role. Some recent energy distributions for helium 
plasma are shown in Fig. 5. For one shot 90% of the ions were 
accelerated to 175 volts with the rest of the distribution 
thermalized with an effective temperature of 200 eV. For the 
second shot the main body (80%) is thermalized at 200 eV with 
the higher energy portion thermalized at 600 eV. These results 
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were achieved with a peak field of only 2.4 kG. The present 
supply is capable of drivinq the magnet to 4.3 kG. However, we 
do not expect the present magnet to withstand operation at this 
level. 

4. CONCLUSIONS 

We have shown that the TCX configuration produces a dense 
plasma with considerable energy deposited in the ions via 
direct ion ohmic heating. The external cusp field provides for 
the preferential ion acceleration, confinement of high energy 
ions, and overall stability of the plasma. It appears that ion 
energies suitable for fusion applications can be achieved with 
suitable increases in C U S D field and apDlied OH voltage. 

To meet this goal, we have constructed TCX2. TCX2 is 
similar in design to TCX1 with R = 120 cm and r = 30 cm. The 
OH field is supplied by four separate tape wound iron cores, 
each weighing 3.6x10 kg, providing a total of .5 volt-second. 
The cusp field is produced by a 120 pole magnet and is designed 
for maximum fields of 10 kG. TCX2 should be in full operation 
bv fall 1984. If TCX2 produces average ion energies > 1 keV, 
we will examine a quasi continuous operating mode where the OH 
transformers are operated with an AC power source, producing a 
sinusoidal plasma current. With sufficient ion energy, such a 
device could be a copious source of fusion neutrons for 
material testing and other applications. Because of the rela
tive simplicitv of TCX (e.g. no vertical field, small magnet
ized volume, low stored energy) a neutron source based on TCX 
could be far less expensive and more reliable than alternative 
conf igur at ions. 
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Abstract 

PARAMETRIC ANALYSIS OF p-uB AS ADVANCED REACTOR FUEL. 
The potential of proton and boron-11 as neutron- and radioactivity-lean fuel in magnetically 

confined systems is investigated. The accessible range of fusion power densities and plasma 
energy multiplication factors is evaluated. These feasibility figures are supplemented by a study 
of the nature and yield of side reactions which produce neutrons, prompt gamma radiation, and 
long- and short-lived radionuclides. A multi-parametric description of the plasma, confinement 
and reactor is developed which allows a separation of intrinsic fuel properties from concept-
dependent fuel performance. This gives both the upper bound of the potential of p-nB as a 
reactor fuel, and its merits in specific confinement schemes. The results indicate that radiation and 
radioactivity associated with p-nB is several orders of magnitude below that of DT reactors of equal 
size, and that fusion power densities comparable to those expected for DT-Tokamaks can be achieved in 
high-beta schemes. However, there is little reason to believe that the fuel has the potential to 
reach reasonable Q-values, regardless of the quality of the confinement. 

INTRODUCTION 

There is increasing concern about the "dilemma for 
fusion", /l/, as characterized by (i) the recognition 
that the margin of difference between DT fusion and 
fission systems is much thinner than is generally 
realized /2/, and (ii) the widespread judgement that 
the goal of neutron- and radioactivity-lean advanced-
fuel (AF) fusion reactors seems impractical. 

Serious effort has been devoted to the evaluation 
of the potential of AF fusion as illustrated by publi
cations from the early seventies /3/ up to now /4,5/, 
to quote only a few early and recent papers. These 
studies reflect the problem of inadequacy of nuclear 
data and the increasing awareness of the need for an 
adequate treatment (i) of synchrotron losses from a 
high-beta-confined plasma;(ii) of relativistic effects 

* Work supported by the Steiermarkische Landesregierung, Abteilung fiir Wissenschaft 
und Forschung. 
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and (iii) of reactivity-enhancing effects such as nu
clear elastic scattering (NES). On the average, results 
tend to be pessimistic.However, they are judged to be 
non-conclusive even by the authors of the most recent 
s tudy /6/. 

In this context we developed an approach which empha
sizes a fuel-specific characterization. We introduce 
a set of parameters which allows us to uncouple the 
qualities of the fuel from the capabilities of a spe
cific confinement scheme. We also investigate the 
upper bound of the fuel potential by assigning ideal 
or best plausible values for the scheme related para
meters . 

Our earlier results showed that, with optimistic 
assumptions, the fusion power density in a p-^B plas
ma can reach values in the range expected for a DT-
Tokamak for which neutron wall loading is taken to be 
the limiting factor. However, low Q-values were found 
throughout /8,9/. 

The study presented here is based on an extension 
of the previously developed model: it simultaneously 
accounts for particle and power flows_, and it includes 
all phenomena found to be relevant for an AF-plasma 
in the 100s of keV range. 

FUSION PLASMA AND REACTOR SIMULATION MODEL 

Our model assumes stability of confinement and 
steady-state operation. It is based on the point plas
ma concept, including loss effects which allow 
approximate incorporation ofspecific confinement-depen
dent profiles. It also explicitly accounts for two 
energy groups. In the fast group we condense the slow 
ing-down history by using simplified distribution 
functions, while the second group describes the Max-
wellian component of each ion species and the relati-
vistic electrons. Nuclear reactions are divided into 
principal and side reactions. The particle and power 
flows associated with principal reactions are descri
bed by a coupled set of equations (Table I ) . By an 
iterative method we obtain as solutions the tempera
tures, the densities and the pertinent reaction rates 
using our Fusion Plasma Burn Code (FPBC). A second, 
uncoupled set of equations accounts those side-reac
tions which act as sources for neutrons, prompt gamma 
radiation and radionuclides (computer code for Neu
tron And Radioactivity production Rates, NARR). 
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TABLE I. POWER AND PARTICLE FLOW EQUATIONS (CODE FPBC) 
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Steady-state power flow equations for fast alphas (cc),fast 
protons (p), for Maxwellian ions (i) and electrons (e) , Eqs.(Pl) 
to (P4), respectively. Steady-state particle flow equations for 
5, p, a, p, B, eqs. (la) to (15), respectively. The model al
so includes the MHD pressure balance equation, not shown here. 

In Eqs.(PI) to (P4), "a,b" is a shorthand notation for power 
flows Pa b, whereas in Eqs.(II) to (15) i t stands for particle 
flow rates I a ],. In particular, Pa b, ?a ch an<* ^ch a refer to 
energy transfer from a- to b-type particles, energy loss and 
energy gain of a-type particles via transfer channel "ch", 
respectively. Similarly, I§ a , I a c n and Ich a refer to therma-
lization of a-type particles, loss and gain of a-type particles 
via"ch", respectively. 

Transfer channels "ch" are: radio frequency heating (rf), 
particle injection (in), fusion of Maxwellian particles (fu), 
fast fusion (ff), bremsstrahlung (br), synchrotron radiation 
(sy), heat conductivity (he) and particle losses (I). 

The desired f l ex ib i l i t y with respect to the choice 
of confinement schemes, and to assumptions on impu
r i t i e s , eff iciencies e tc , is obtained by introduction 
of appropriate parameter s e t s . In addition, theory 
and data adjustment parameters reveal the sens i t iv i ty 
of the resul ts to theoret ical shortcomings and data 
uncer ta in t ies , while operational parameters are taken 
as independent variables which allow performing optimi 
zation and trade-off studies (see Table I I ) . 
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TABLE II. PARAMETERS: (i) OPERATIONAL, (ii) CONFINEMENT, 
(iii) THEORY AND DATA ADJUSTMENT, (iv) IMPURITY, (v) ENERGY 
EFFICIENCY 

(i
)
 O
P
E
R
A
T
I
O
N
A
L
 

(i
i)
 
C
O
N
F
I
N
E
M
E
N
T
 

(i
ii
)
 
T&
D
 A
D
J
U
S
T
M
E
N
T
 

I 

(v
)
 
E
F
F
I
C
I
E
N
C
I
E
S
 

Ti 

eB/p 

EP 

vin,p 

vrf ,i 

SB2 

TX,T X 

Ux»Wy 

Ty,z 

Y 

P 

*x 

v5 

e imp 

Zimp> ̂  

Hz 

vz 

ion temperature (equal for all ion species) 
1!B to p number density ratio, nB:np 

energy of protons in (fast) injection beam 
(heating and fueling) 

fraction of protons injected into the plas
ma at 1.5Ti (fueling) 

fraction of e.m. heating power picked up by 
ions 

defines MHD limited ion density, Eqs.(l,2) 

particle conf.times (x=5,p ; x=a,p, 1 1B); 
gives loss currents, Eq.(3) 

mean energy of lost particles in units of 
injection energy (x=p), birth energy (x=ci) 
and av.thermal energy(y); gives power loss 
terms, Eq.(4) 

energy conf.time for synch.radiation (z=sy) 
and heat conductivity (z=hc); gives power 
losses, Eq.(5) 

ratio of exact i-e energy transfer to 
Cordey's /ll/, see Eq.(6) 

ratio of exact p _ 1 1B fusion reactivity to 
that calculated here. Accounts for data un
certainties and reactivity enhancing effects 
not included, Eq.(7) 

ratio of exact contribution of fast ions to 
the particle pressure to that used here, 
Eq.(2) 

fraction of super-fast alpha particles (emer
ging from direct three-body decay of 
compound nucleus *2C) 

ratio of impurity to ion density, nimp/n 

imp: m e a n charge number and atomic mass 

conversion efficiencies: electric (el.) in
to particle beam power (z=pb) or radiofre-
quency power (z=rf); radiation (except 
bremsstrahlung), neutron and Maxwellian par
ticle leakage power into el.(z=th), brems-
strahlrng into el.(z=br), fast-particle lea
kage power and untrapped-partide beam power 
into el. (z=dc) 
fractions: of rf power and particle beam 
power trapped in the plasma (z=rf,pb), of 
untrapped-particle beam power converted in
to electricity with efficiency ndc (z=dc), 
of reactor power consumed in situ (z=aux). 
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FORMULARY 

In the following we identify the set of formulae 
used in our model. For compactness, we designate by 
x,x,x and y any of the fast and/or Maxwellian ion 
species, and any of the Maxwellian particles, respec
tively (x=ô,p; x=a,p,11B; x=S,p,a,p,11B; y=a,p,11B,e) 
while i refers collectively to all Maxwellian ions 
(i = a + p+ 1 1B) . 

The Coulomb friction between Maxwellian ions and 
electrons, Pi e» ana" between monoenergetic fast ions 
and Maxwellian field particles, <dE/dt>c is taken 
from /lo/, with a relativistic correction from /ll/. 
The energy transfer rate from fast to Maxwellian ions 
due to NES, <dE/dt>NES, is taken from /12/ with a 
first-order correction for Ti+O from /13,14/. 

The energy distribution of fast ions (x) is appro
ximated, for 1.5Ti<E<Ex, by the inverse of the 
energy transfer rate (Coulomb and NES) from each spe
cies to all Maxwellian plasma particles,and by zero 
otherwise. With this we calculate the mean energy of 
particles in the fast group, Ëx, the energy transfer 
rates from the fast to the Maxwellian energy group, 
Px,y, and that fraction of the energy of all fast 
particles which is transmitted to electrons, Eq.(8). 

Bremsstrahlung loss calculations include relativi
stic corrections for e-i and e-e interactions /4/. For 
synchrotron radiation losses we use confinement-spe
cific results obtained elsewhere, e.g. in /6/ for a 
multipole configuration, and scale these point re
sults with T e according to a relativistic formula 
derived in /15/. 

The fusion rate between Maxwellian ions (Rfu) is 
determinded from the Maxwell-averaged reactivity 
<av>MM« The fast fusion rate (Rff) is computed using 
the probability W£ for leakage of fast ions and œff 
for fusion during slowing-down (see Eq.(9),where 
<av>bM is the beam-Maxwell-averaged reactivity). Our 
average of the kinetic energy of the fusion products 
includes both the reaction energy Ufu and the kinetic 
energy of the fusing ions, Eq.(lo). For FPBC calcula
tions we use one average alpha birth energy, Eq.(ll); 
for NARR calculations five birth energy groups are 
considered according to the compound-nucleus breakup 
probabili ties . 

The plasma Q-value (Qp) is defined as the ratio 
between the total power leaving the plasma and the 
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TABLE III. RESULTS* FOR REFERENCE PLASMA, SENSITIVITY STUDY 
(SEE ALSO FIGS 1 AND 2) 

_, ,_ (Reference Actual Parameter „ - . „ .. Value) Value 

1 
O

P
E

R
A

T
. 

C
O

N
FI

N
E

M
E

N
T

 
IM

P
U

R
IT

Y
 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

reference set 

eB/p (0.15) 0.3 
0.5 

Vrf.i (LO) 0.5 
0.1 

TP = Tâ (°°) lo*° 
2.0 

Tp=TB (») 100.0 
10.0 

T (1.) 5.0 
a 10.0 

yi=ye (0.) 0.5 
1.0 

Te>Z (•) 50.0 
(z=sy or he) 5.0 

xi,hc (») 50.0 
5.0 

eimp:C (0.) 0.01 
0.05 

eimp:Fe (0.) 0.001 
0.01 

Q P, P- P£ T xp Kbe Kig fu e 

1.84 1.68 2.44 ref? 136.6 

1.68 1.90 2.84 1.31 0.92 
1.50 2.42 3.66 1.43 0.87 

1.75 1.70 2.38 0.94 1.07 
1.65 1.74 2.31 0.87 1.16 

1.83 1.70 2.48 1.00 1.00 
1.78 1.82 2.82 0.99 1.00 

1.66 2.19 3.61 1.00 0.98 
1.42 3.57 >5.00 0.78 0.98 

1.62 2.44 4.21 0.86 0.99 
1.47 4.50 >5.00 0.74 0.99 

1.76 1.86 2.83 1.02 0.99 
1.70 2.12 3.41 1.03 0.98 

1.80 1.74 2.54 1.02 0.99 
1.53 2.30 3.44 1.10 0.91 

1.77 1.79 2.61 1.01 1.00 
1.43 2.78 4.22 1.01 1.00 

1.71 1.88 2.72 0.97 0.99 
1.41 2.85 4.22 0.87 0.94 

1.69 1.92 2.82 1.01 0.97 
1.26 4.41 >5.00 1.08 0.80 

The t a b l e g i v e s t h e p la sma Q - v a l u e ( Q p ) , t h e r e a c t i v i 
ty enhancement f a c t o r p r e q u i r e d to r e a c h b r e a k e v e n 
( Q r = l , Qp = 3 . 6 ) and i g n i t i o n (Qr=Qp=00) , r e s p e c t i v e l y , 
t he f u s i o n power d e n s i t y Pfu and t h e e l e c t r o n t e m p e r a 
t u r e Te as o b t a i n e d from FPBC c a l c u l a t i o n s . 

The f i r s t row shows r e s u l t s o b t a i n e d f o r t h e " r e f e r e n c e " 
p lasma d e f i n e d by t h e v a l u e s g i v e n i n column 2 ( i n 
b r a c k e t s ) and by Ti = 250 , Ep=2000, \ > i n , p = 0 , fiB2=64, 
u x = 0 . 3 , u x =l ( e x c e p t i o n : u a = 0 i n c a s e of Tp=Tg=co) , 
Y=P=K = 1, n P b = n r f = n d c = 0 * 6 » n b r = n t h = 0 ' 5 , v r f = v p b s i v d c = 
0 . 9 5 , v a u x = 0 . 0 2 . For t h e n o t a t i o n s e e T a b l e I I . 

The rows 2 to 11 d i s p l a y t h e r e s u l t s f o r t h e c a s e s i n 
which a l l p a r a m e t e r s assume r e f e r e n c e v a l u e s e x c e p t 
t h e one shown i n column 1. Th i s one p a r a m e t e r t a k e s , 
i n s t e a d , t h e v a l u e g i v e n i n column 3 . For c o n v e n i e n c e 
Pfu and T e a r e measured i n u n i t s of t h e r e f e r e n c e r e 
s u l t , row 1 . 

Unless otherwise s t a ted , we use keV, cm, sec , Tesla and pro
ton mass as basic uni ts 

a 'For the reference plasma we find Pfu=2.1»10'6 keV/cm3s or 
3.4MW/m3 (DT-Tokamak: 1 to 10 MW/nP) 
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total externally provided power absorbed in the plas
ma, Eq.(12). The reactor Q-value (Qr) is derived 
therefrom, using all pertaining efficiencies, accor
ding to /16/. 

n H n . = 2 . 5 • 1 0 1 5 ( g B 2 ) / T ( 1 ) 

T = T e +T.V e +Y_K_E_e_ ; e . E n . / n ( 2 ) 
e e l ^ x x ^ x x x x ' j j 

I * 0 = n ~ / T - . i = l~Z~I~ 0 ( 3 ) 
x , £ x x ' e , x, ^x x x,& 

P.. 0 = y_E_I_ . ; P . = y ( 1 . 5 T ) I 0 ( 4 ) 
x , £ x x x , ¿ ' y,«. y y y , ¿ 

P = n ( 1 . 5 T ) / T ; z = s y , h c ; P . . = n ( 1 . 5 T . ) / x . . 
e , z e e e , z ' J ' * i , h c i i , h c 

P- = Y(P. ) n A ; < o v > = P < a v >vm (6,7) 
i,e i,e Cordey ' MM s_ x,e = (E-.-1.5T.)

 l .Í [<dE/dt>_ /<dE/dt>_ . ] dE 
x i J j _ 5 T i x,e x» i e(8) 

E — 

a>££ = l-.ii(-.,{
 P [<av>bM/<dE/dt>pj.e]dE} (9) 

Ez = [/ < a v >bM f
Z
( E ) d E^~ 1'[/ < a v >bM E fz ( E ) d E] ; z=fu,ff 

( lo) 
E_ - [R, (U, +E f +ED , )+R.,(U4: +E_ ..+1.5T.)] a L fu fu p,fu B,fu ff fu p,ff i 

.[3(Rfu+Rff)]-l (11) 

Q = P /P. = 1+P. /P. ; Q >1 (12) 
p out m fu in xp 

NUCLEAR DATA 

We reelaborated the data base for a(E), <crv>bM> 
< a v >MM £°v Principal and side reactions using, in 
each case, the best available nuclear data and/or 
fittings. NES cross-sections for S-a, â-p, p-a and 
p-p are included, for x-1:iB are being prepared. For 
more detail about our data file BORDAT we refer to 
111 . 

FUSION POWER DENSITY AND Q VALUE 

In spite of the fact that <av>/Tj_2values of p-llB are 
several orders of magnitude below those for DT, simi
lar fusion power densities can be obtained, mainly 
due to the low Te/Ti ratio (<0.5)^which favourably 
affects the confinable ion density, and assuming 
that high-beta confinement schemes can be developed. 
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1.0 1.4 1.8 2.2 2.6 

Reactivi ty Enhancement Factor, p 

FIG. 1. Plasma Q-value Q versus reactivity enhancement factor p for a p-nB plasma at T. = 250 ke V 
and reference parameter values (see Table III), with standard and enhanced relativistic ion-electron 
decoupling (y = 1.0, 0.75, 0.5, respectively). 

At p = 1, the Q -values are those found in our study. The dashed p-interval shows the effect 
of nuclear data uncertainties. The circles indicate the effect of NES-generated recoils on iov) 
[17] and, hence, on Q . The intersection with the breakeven line and the arrows mark the 
p-values required to reach breakeven (Qy = 1,Q = 3.6) and ignition (Q = <*>), respectively. 
(For definition of Q -value for breakeven, reference values for efficiencies have been taken, 
see Table III.) 

The fusion power density reache 
ther 
laram 

around T-=160 keV and is raí 
variation of other plasma p; 

The results obtained for the 
favourable. The inclusion of th 
wellian ions did little to impr 
we obtained previously; also th 
ment due to NES recoils gave un 
hancement, mainly because it de 
sing Te, thus counteracting oth 
Even for the "reference" parame 
the upper bound of the fuel per 
to confinement and impurity par 
value of Q was found to be as 1 

s a flat maximum 
insensitive to a 

eters (see Table III). 

Q-value are very un-
e effect of non-Max-
ove the results which 
e reactivity enhance-
expectedly low Q en-
creases with decrea-
er Q-enhancing effects, 
ter set - which defines 
formance with respect 
ameters - the maximum 
ow as 1.89 at Ti=320keVj 
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—i 1 1 1—i—i—rTi 

Tsynch (sec> 

1 . I I I I I I I I l l 
100. 300. 1000. 

Ion Temperature, Ti (keV) 

FIG.2. Plasma Q-value (Q ) versus ion temperature (T.) for a p-nB plasma (i) with reference 
parameter values (see Table III), (ii) with enhanced relativistic decoupling (y = 0.75) together 
with reactivity enhancement (p = 1.4, according to [17] for effect of NES-recoils at T. = 250 
andT = 125 keV). 

The sensitivity bars show the effect of synchrotron radiation losses (using r = 12 at 
T. = 250 and T£ = 125 [6]; we scaled T^ with Tg as derived in Ref. [15]. ^ 

moderate synchrotron losses shift the maximum to 
Qp=1.68 at 250 keV, as compared to the breakeven re
quirement of Qfce=3.6. 

Although further improvements can be expected from 
an exact inclusion of relativistic effects and of re
coils from LET (Large Energy Transfer) scattering re
actions, the results of our sensitivity study show 
that even this is not likely to change the above 
conclusions. 

NEUTRONS, Y - R A D I A T I O N AND ACTIVITY LOAD 

Fig. 3 shows the gamma and neutron production rates 
and the activities emerging from side reactions, in
cluding reactions among 1:LB nuclei which are not 
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FIG.3. Total number of neutrons and gammas produced perfusion reaction and 14C activity 
produced per GW- h (left-hand scale), nC equilibrium activity per GW (right-hand scale) versus 
ion temperature (the y-production rate is multiplied by ten). The circles refer to results obtained 
by other authors (1: y-production [3]; 2, 3: nC-activity [3, 6]; 4: n-production [6\; 
5: lAC-production [3]). The • agreement is even better than is evident from the figure since the 
(ov)-value for rnB (p, 3a) as used by Ref. [3] is a factor of two higher than ours. 

Four birth energies are considered for fast alpha particles, accounting for the principal 
decay channels of the compound nucleus i2C via the first excited and the ground state of6Be, 
having approximately 90 and 10% probability, respectively. The sensitivity bars show the 
influence of an additional group ofv= ultra-energetic alphas from direct three-body decay on the 
14C yield (here: v= = 1%, E= = 9 MeV). The corresponding effect on the n-production is 
~+5% for T. < 400 keV and becomes marginal beyond. (Note that alpha birth energies include 
the average energy of the fusing plasmas ions.) 

known in desirable detail. We did not include reacti
ons involving potential fuel impurities (e.g. 2H, ^ RB), 
nor n- and Y~induce(i structure activation. 

The radiation produced in the 11B(p,y)12C reaction, 
mainly induced by thermal protons, merits attention 
because of its high energy (4,12,16 MeV, with 
T£--dependent split). 
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The neutron production occurs mainly through 
11B(S,n)14N (5:fast alphas). Beyond Ti=500 keV, how
ever, the 11B(p,n)11C reaction becomes dominant. 

Long-lived 14C-activity is produced by 1 B(ô,p) C; 
the generation rate is well below 1 Ci/GWh and may 
be compared with - 105Ci tritium consumed per GWh in 
a DT reactor1. 

The equilibrium activity of the short-lived C, 
l i l i produced mainly by thermal protons via B(p,n) C, 

varies strongly with temperature. At 250 keV it is 
0.4MCÍ/GW fusion power; this may be compared with 
lOMCi activity per kg tritium inventory in a 
DT reactor. 

CONCLUSION 

Neither ignition nor Q-values well above breakeven 
seem achievable without fundamentally new ideas and/ 
or drastic changes in the nuclear data base and/or 
identification of major inadequacies in the presently 
used theoretical model. This is unfortunate because 
of the favourable neutron and radioactivity aspects 
of p-^B as reactor fuel. Apparently then, the only 
fuels left as candidates for neutron- and radioacti
vity-lean nuclear energy deployment seem to be p-^Li 
and d-^He. 
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Abstract 

DYNAMICAL THEORY OF ANOMALOUS PARTICLE TRANSPORT. 
The quasi-linear theory of transport applies only in a restricted parameter range, which 

does not necessarily correspond to experimental conditions. Theories are developed which extend 
transport calculations to the regimes of marginal stochasticity and strong turbulence. Near the 
stochastic threshold the description of transport involves the leakage through destroyed invariant 
surfaces, and the dynamical scaling theory is used to obtain a universal form for transport 
coefficients. In the strong-turbulence regime, there is an adiabatic invariant which is preserved 
except near séparatrices. Breakdown of this invariant leads to a new form for the diffusion 
coefficient. 

1. INTRODUCTION 
Anomalous transport due to turbulence or magnetic field 

errors is often calculated with the quasi linear theory [1].. 
In this theory it is assumed that particles make uncorrelated 
jumps of a size estimated by the RMS fluctuation level and on 
the time scale represented by the correlation time of the 
fluctuations. While various renormal izati on schemes [2] can 
be used to obtain corrections to these results, these should 
not be expected to be valid in regimes far from the validity 
of quasi linear theory. Qualitatively new theories are 
developed below, which describe transport near the onset of 
stochasticity and for strong turbulence. 

The conditions for validity of the quasi linear theory are 
well known. 1) strong stochasticity, 2) rapid correlation 
decay, and 3) unimportance of self-consistent effects. To 
illustrate the first two criteria we consider field line 
motion in a toroidal system with the general field [3,4] 

A = <}>Vi> - *V¿ B = V<t>xVi> + V£xV* 

* Laboratoire P.M.L, Ecole Polytechnique, Palaiseau, France. 
** Dept. of Mathematics, Univ. of Warwick, Coventry, UK. 

*** Dept. of Mathematics, Queen Mary College, London, UK. 
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Here (*,•#, O form a set of toroidal coordinates, 27T4> is the 
poloidal flux, and =̂̂ (<t>,iJ, £) is the toroidal vector 
potential. In a toroidally symmetric configuration, ^ is a 
function only of <t>; the rotational transform, -t-, is defined by 
d̂ /d<t>. In the general case, it is clear from the form of B 
that ^(4>,1?, £) plays the role of the Hamiltonian for field line 
flow where (*,iJ) are canonical variables and { represents the 
time. In the neighborhood of a magnetic surface we can assume 
that the shear, -tr'=dir/d4>, is constant, giving the Hamiltonian 

*= *'4)2/8 + I Vmn(*)exp(ime»-inO (l) 

m,n 
where il/m„ (= i>* m _,) is the Fourier amplitude of the rmn x r —m—ny c 

perturbing vector potential (by convention T//QQ=0) . 
For the model there are three relevant radial 

scales: the distance between rational surfaces with mode 
numbers (m.n) and (m'.n'), <54>: 

+ '<5* = | 5 - &1| (2) 
m m 

the half—width in <t> of the islands centered at t-=n/m, w: 

*' w = l8^mn*'l1/2 <3> 

and the spectral width, A*: 

-e-'A* = (<(n/m)2> - <n/m> 2) 1 / 2 (4) 

where the average is over the spectrum i/j^- The simplest 
formulation of the condition for strong stochasticity is that 
islands on "neighboring" rational surfaces overlap. If the 
amplitudes V» vary slowly with 4» (e.g. ^' « -*-'Vwm) a s *s 

true for tearing parity, then two islands with mode numbers 
(m,n) and (m+l,n) overlap when 

^n ^ ^cr = *2/<32-t-'in2) (5) 

or in terms of field amplitudes <5B/B ̂  -tr^/(l6mRd-t/dr) More 
rigorous formulations of this criterion are given in, e.g. 
[4]. 

When overlap is well satisfied, field lines are expected 
to diffuse radially with the quasilinear diffusion coefficient 

DQL(<t>) = 27r(i#mn)
2 (6) 

where the average mode amplitude of nearby rational surfaces 
are used. This assumption breaks down when the correlation 
length of the field, £ , is sufficiently long: validity of 
the quasilinear theory requires the radial step in one 
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correlation length be smaller than the spectral width, 
otherwise the step to step correlations can not be neglected: 

DQL<c * A* 2 ( 7 ) 

For example, when the spectrum consists of a single m 
component, and a range, An, of n components, the correlation 
length is (c = 2-n/An, and Eq. (7) becomes i^ ç &n /(27nn *') . 

This equation can also be written Anw ^ A* which can be 
interpreted as stating that the effective island size from the 
modes considered collectively must be smaller than the 
spectral width 

Outside the range of amplitudes implied by (5) and (7) 
the quasi linear theory should be replaced. For moderate 
amplitude perturbations, where (5) is an approximate equality, 
the field lines are not completely stochastic, magnetic 
islands are present and correlations are important. In 
Sec. 2, we show how the notion of the cantorus allows 
calculation transport in this regime. In Sec. 3, we show how 
the preservation of an adiabatic invariant leads to a 
diffusion coefficient when (7) is violated. 

2. TURNSTILE TRANSPORT 
Below the stochastic threshold, most of the flux surfaces 

are preserved and transport proceeds only at classical or 
neo-classical rates. As the threshold is approached 
successively more of the flux surfaces between each of the 
major island chains is destroyed. At the critical 
perturbation amplitude, represented approximately by Eq. (5), 
the last flux surface is destroyed and field lines can cross 
from the vicinity of one rational surface to the next. At 
this point only about a third of the volume is stochastic, and 
the transport rates are only slightly enhanced over classical 
values. However as ^ is increased the transport rate can 
grow dramatically, in one example by several orders of 
magnitude for a factor of 2 change in amplitude [6]. 

The mechanism for transport in this regime is leaking of 
field lines through destroyed magnetic surfaces [7]. When an 
irrational flux surface is destroyed, a remnant remains [8]. 
On a poloidal cross—section these remnants appear as circles 
with an infinity of deleted segments or gaps, mathematically a 
Cantor set; the remnant surfaces are called cantori. A 
cantorus has a definite rotational transform and neighboring 
field lines tend to follow its helicity, while occasionally 
leaking through the gaps. 

The leakage can be computed as follows: construct an 
arbitrary curve on the poloidal section which intersects the 
cantorus, and fills in the gaps. Move this curve along field 
lines once around the torus. The resulting curve also 
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intersects the cantorus (since the cantorus is made of field 
lines) and fills in the gaps as well. In some places the new 
curve lies outside the original one: the flux through the 
surface enclosed by these curves has escaped from the region 
inside the cantorus. Since the flow is Hamiltonian, an equal 
amount of flux enters this region from the outside. The two 
curves define a "leaky barrier" to radial flow, the field 
lines leaking through "turnstiles," and the flux escaping 
through the cantorus per toroidal transit is called AW, in 
accord with Mather [8]. 

By Gauss's law, AW can be computed as a line integral of 
the vector potential along the path consisting of the orbit of 
the cantorus.represented by "x", and returning along the 
"homoclinic" orbit which is in the center of the gaps, 
represented by "o": 

A W = / X.di = / d f [ « ( 0 £ - * ( 0 ] (8) 
x x 9* . 

where ^(O^i'KO .^(0 . O is the vector potential on the 
orbit. This makes AW an easily computable quantity. 

An estimate of confinement time is obtained from AW. The 
number of toroidal transits for a fraction p of the flux to 
escape from the region enclosed within a particular cantorus 
is bounded by 

J esc > P 27TVAW <9> 

where 27^ is the toroidal flux of the stochastic component. 
This is a rigorous bound (neglecting collisions) since, to 
escape, a field line must go through every cantorus in the 
way. Numerical evidence indicates that the cantorus barriers 
minimize the flux over all possible curves, and therefore give 
the best bounds on transport rates. 

Near the break-up of a magnetic surface a universal 
scaling theory for Hamiltonian systems [5] can be applied to 
calculate the escaping flux. This theory applies to any 
two-degree—of—freedom system and deals with magnetic surfaces 
with "noble" rotational transform. These surfaces are the 
most robust, being the last to be destroyed in any region of 
phase space. The flux through a noble cantorus scales as 

AW ~ (i/ -V ) 3 0 1 
v*mn *cr7 

This behavior has been seen in computations of escape times in 
model systems such as the standard map [7]. 

. As an example, consider a system with the four modes 
n=l,m=5-8. A poloidal section of the field line flow when 
each mode has amplitude Vmi = ̂ cr' Eq. (5), is shown in 
Fig. 1. Here, initial conditions are chosen at random in the 
upper box near the •*• =1/5 surface and the transport time to 
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FIG.l. Poloidal section for the field line flow with ty given by Eq.(l) and for ii = $cr for 
m = 5, 6, 7, 8 and - °° < n < °°, which converts the flow to a map. Shown are the orbits of 
three field lines which begin in the upper box and end in the lower one. 

the lower box near the 1/8 surface is computed. The flux 
through the cantor i can be found by computing AW for nearby 
periodic orbits. Periodic orbits are found by a "gradient" 
method and an implicit o.d.e. solver [9]. Values of AW are 
then easily obtained from Eq. (8), and are shown in Fig. 2 for 
many periodic orbits. 

Using perturbation theory one can obtain AW = ^Tl^mn> 
which works well for the major island chains. For higher 
order periodic orbits AW is considerably smaller. From Fig. 2 
it appears reasonable to assume that there is only one 
important cantorus between each of the major island chains. 
This leads to a Markov model for transport [7] where the 
transistion probability per toroidal circuit from the order m 
to the m+l s l island is p m „,, = AW„, „. i/(27nkm). Here AWm _,-

*m,m+l m.m+l' x nr m,m+l 
i s the minimum AW between the two s e t s of i s l a n d s and 27H'W1 i s 

• ¿m 
the toroidal flux of the stochastic region around the m 
islands. The theory of Markov chains immediately gives the 
mean number of toroidal circuits for the transitions from 

a. 

D 

.''"•v /*. 
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FIG.2. AW for rational orbits of the map of Fig. 1 as a function of the winding number n/m. 
The lower envelope is the function evaluated on the irrationals. Between each major island 
chain there is a minimum of AW at a noble cantorus. These minima have the values 
AW/2-n = 8.68(10)~s, 6.22(10fs and 3.27(10)~s. Just above the 1/5 chain and below the 
1/8 chain are KAM surfaces that have AW = 0. 

state m to state m+j. Keeping the three minimizing cantori 
gives j+h = 2830, which is to be compared with j e x p = 8491 
obtained from 700 orbits. The factor of three difference 
between theory and experiment appears to be universal, and is 
probably due to the neglect of the other cantori. 

3. ADIABATIC TRANSPORT 
When the spectral width is narrow, or equivalently the 

amplitude of the modes large, in the sense of Eq. (7), the 
perturbation can be viewed as a slowly modulated quasi-island. 
In the simplest case, with mode numbers (m,n-An/2) to 
(m,n+An/2), the Hamiltonian can be> written 

* = -tr'<t>2/2 + V(Ocos[mtf-n¿ +A(<-)] (10) 

de I ta 1.000 m» 5 to 8 

i i 1 i i i i i i i 
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Here V and À are slowly varying functions of £ relative to the 
"boiince" distance of a field line in the perturbing fields 
ç, =(m -t-'y) • The slowness parameter e is defined by 

Of course, the size of the changes in amplitude is not assumed 
sraa 11 . 

In this case there is an adiabatic invariant for the 
Hamiltonian (l) which can be obtained as a series expansion in 
the slowness parameter. The lowest order in the expansion is 
the ordinary action. Near the separatrix the action has the 
value J = 8(V/V'm2) ' . The adiabatic invariant is poorly 
conserved in the neighborhood of the separatrix, for V in the 
range if/ < ^ < i> + Jgx- When a field line crosses the 
separatrix, the change in the adiabatic invariant is [10,11] 

AJ = Jsx Aog(2sin|7T<5V/Jsx!) (12) 

where ôi^=yV-^/ and the logarithm reflects the effect of 
differing initial positions. 

The diffusion coefficient follows from Eq. (12) upon 
consideration of the statistics of the jumps in the adiabatic 
invariant. These will occur on a scale given by the 
correlation length, giving [12] 

D = <AJ2>/<TC ~ (An)
3 (13) 

Significantly this coefficient is independent of the amplitude 
of the perturbation, in contrast to the prediction of 
resonance broadening theory. 

It is of interest that the calculation of action jumps 
can be carried out in a universal way [11]. The primary cause 
of the break-down of the adiabatic invariant is the low 
frequency of motion near x-points. Near an x-point the motion 
in any Hamiltonian system can be obtained from an inverted 
harmonic oscillator approximation. Thus Eq. (13) is expected 
to hold for two-degree—of—freedom systems quite generally. 
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SUMMARY ON TOKAMAK EXPERIMENTS* 

M. YOSHIKAWA 
Japan Atomic Energy Research Institute, 
Naka-machi, Naka-gun, Ibaraki-ken 
Japan 

This Conference was made particularly memorable in that experimental 
results from a new generation of fusion devices, the large tokamaks TFTR and 
JET, were reported for the first time in this series of conferences. It was also 
stimulated by its timeliness since many of the existing tokamak devices have 
reached an elevated state of machine capability and operational efficiency and 
have succeeded in raising their productivity. Thus, the achieved level of plasma 
performance parameters such as T, nr, and nrT has readily surpassed the level of 
the preceding conferences, and the extent of experimental research carried out 
has allowed an improvement of plasma understanding and an exploration of the 
possibilities of new concepts. 

Both JET and TFTR have demonstrated their basic capability as tokamaks. 
The plasma current reached 3.7 MA in JET (A-I-l, A-III-3, A-V-2) and 1.4 MA in 
TFTR (A-I-2), and a current flat-top of several seconds was achieved in JET. Both 
devices have control capabilities in plasma current, position (including radial com
pression in TFTR (A-III-1)), elongation (up to 1.6 in JET) and plasma density. 
Neutral-beam injection heating was tested in TFTR (A-V-3) at a level of up to 
1.5 MW. The experimental observations made in the devices are reassuring. The 
confinement times of Ohmically heated plasmas reached 0.6 s and electron 
temperatures up to 4 keV. The energy confinement times scale as naR2q, which 
is consistent with the values observed in the past. The effective atomic number 
Zeff is down to about 2.5 and the Murakami coefficient, the plasma density 
normalized to the relevant machine parameters, is up to 3 X 1019 m~2*T_1. 
Further advancement in these impurity-related parameters is to be made in the 
future by improving wall condition and materials, machine parameters, operational 
scenario, and supplementary heating. The neutral-beam injection heating experi
ments have started in TFTR, and the ICRF heating in JET will start in early 1985, 
to be followed by the neutral-beam injection. 

The ground of confinement time scaling studies, which is one of the basic 
areas of tokamak research, is being consolidated. For Ohmically heated plasmas, 
in addition to the aforementioned first results from TFTR and JET, new progress 
is being made in pellet injection experiments in ALCATOR C (A-1-3) and 
Doublet III (Japan/USA) (A-VI-4). In the Alcator C experiment, for example, the 
confinement time at plasma densities above 2 X 1020 m"3 is improved by applying 

* This summary talk was also published in Nucl. Fusion 25 2 (1985) 205. 
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pellet injection fuelling instead of gas injection and has reached above 1020 m~3-s 
in nr. Studies of plasma confinement under intense supplementary heating are 
a focus of current tokamak research. Past experimental studies have shown that 
the confinement is generally degraded by the heating (L-mode) and that, under 
specific conditions, the degradation can be recovered (H-mode). Experiments in 
the neutral-beam-heated plasmas reported from ISX-B (A-II-2), DOUBLET III 
(USA) (A-II-5), TFR (A-II-3), and DITE (A-IV-4) indicate an L-mode scaling of 
r °c LJ1-1-5) (p~^l3~2/3) or b + a/P), as has been documented. A similar observa
tion is made in ICRF-heated plasmas from PLT (F-I-2), TFR (A-II-3), and 
JET-2M (F-I-3), although the Ip dependence is not established, and in EC-heated 
plasmas from T-10 (F-I-l) and DOUBLET III (USA) (A-II-5), where the scaling in 
T-10 is r a 1° n / \ / T . In this respect, the L-mode may be regarded as one of the 
universal regimes under intense supplementary heating. 

A few years ago, the ASDEX experimenters found that plasma confinement 
as good as in Ohmically heated plasmas can be obtained in a neutral-beam-heated 
plasma, when a divertor is operated (H-mode). This observation was confirmed 
in other devices with a divertor, DOUBLET III and PDX. The H-modes observed 
in these devices have common features: higher edge temperatures, reduced particle 
recycling, repetitive peripheral activities, etc. The experimental scaling of the 
confinement times appears to be mixed. ASDEX (A-II-1), DOUBLET III (USA) 
(A-II-5) and PDX (A-II-4) results scale more or less as in L-mode scaling, while 
Doublet HI (Japan) results (A-I-4) correspond to Ohmic scaling. The H-mode 
was originally observed in a neutral-beam-heated divertor plasma. A quest for the 
H-mode in other operating conditions revealed that confinement improvement 
similar to the H-mode is possible in a plasma without divertor by injecting impurity 
(neon) gas or withholding gettering (Z-mode in ISX-B) (A-II-2), by using a scoop 
limiter (PDX) (A-II-4), and by applying repetitive pellet injection (DOUBLET III 
(Japan/USA)) (A-VI-4). An H-mode-like improvement of confinement by means of 
a divertor is possible also in EC-heated plasmas as was observed in DOUBLET III 
(USA) (A-II-5). An interesting observation was reported from ASDEX (A-II-1), in 
which the above-mentioned peripheral activities were eliminated by slightly shifting 
the plasma position. Consequently the confinement times increased even further, 
nearly by a factor of two over the H-mode value, indicating that these activities are 
adversely affecting the confinement. Practical application of this new mode may 
be remote since the plasma of this mode collapses by itself by gradual accumulation 
of impurities at the centre. Finally, a record value of overall plasma performance 
is achieved in the H-mode experiment in DOUBLET III (Japan) (A-I-4): 
Ti «* 6 keV and nr ^ 0 . 7 X 1019 m - 3 • s. Confinement under supplementary heating 
continues to be a subject of high relevance to tokamak research. The near-term 
issues to be resolved include the confinement scaling laws and confinement improve
ment similar to the H-mode in RF-heated plasmas and non-diverted plasmas. The 
large tokamak devices TFTR, JET, JT-60, and T-15 will provide an important 
input on the issue of size scaling. 



IAEA-CN-44/K-1 453 

Since the thermal output of a fusion reactor is proportional to the square of j3, 
the ratio of the plasma pressure to the magnetic pressure, theoretical and experi
mental studies of the ]3 limit and its improvement have also been one of the areas 
in which recent tokamak research is being focused. The theoretical j3 limit, obtained 
by numerical computation as an onset of instability of major magnetohydrodynamic 
modes, can be approximately expressed as 0(%) = g I(MA)/a(m) B(T) with g « 2.7 
for the external kink mode without wall stabilization and g «* 4.4 for the ballooning 
mode. The experimental data collected in neutral-beam heating experiments in 
ASDEX (A-II-1), DOUBLET III (USA) (A-IV-2), and PDX (A-II-4), and in EC 
heating experiments in TOSCA and CLEO (A-IV-1), fit well with the above 
formula with g ranging from 2.8 to 4. The record j3 value of 4.5% obtained in 
DOUBLET III in 1982 fits with the formula with g « 3.5. In an effort to further 
improve the |3 values by optimizing the plasma cross-section, a new experiment was 
started in PBX, a modification of PDX (A-IV-3). The bean-shaped cross-section 
to be studied here should allow entering the second stability regime where no 
j3 limitation is discovered theoretically. In the initial experiment, plasmas of bean-
shaped cross-section were indeed produced, and j3 values exceeding 4% were 
achieved, so far. 

RF heating has been studied experimentally over a wide range of frequencies; 
it still has to reach the level achieved by neutral-beam injection heating. Key 
issues are its efficiency, effects on confinement, impurity, and range of applicable 
density. The ICRF minority heating was most closely studied in a large number of 
devices: PLT (F-I-2), JFT-2M (F-I-3), JIPP T-IIU (F-III-2), TFR (A-II-3), 
ALCATOR C (A-I-3), TUMAN-3 (F-II-4-1), TEXTOR (A-II-5) and MACROTOR 
(F-IV-1 ). The ratio of minority species, mostly hydrogen, to deuterium was varied 
over 0.5-40%, and the efficiency ñAT/P observed was (4-10) X 1019eVm"3-kW_1 

in most devices. In an experiment made in PLT, 2.6 MW of RF power is coupled 
to the plasma at a central density of 5 X 1019 m~3 and raises the ion temperature 
by 2.6 keV. The efficiency in ñAT/P is 4 X 1019 eV-nf3, kW"1. Zeff increases from 
the Ohmic values of 1 — 1.5 to 2—3 and the global energy confinement time 
r* = Etot/Ptot is reduced from 34 to 21 ms. A few experiments were performed 
on possible schemes to reduce impurity production by heating. JFT-2M demonstra
ted that tailoring of the kfl spectrum is beneficial for the purpose as predicted by 
theory and JIPP T-IIU showed that a combined effect of gas puffing and current 
rise is also effective. Ion Bernstein wave (IBW) heating was studied in JIPP T-IIU 
at the third harmonic of helium minority in deuterium and was also found to be 
efficient. The IBW heating, which uses higher frequency ranges than ICRF, is 
better suited to waveguide launching and may merit more attention. Shear Alfvén 
wave heating was studied in TCA (F-III-3) and Tokapole II (F-IV-1). 

LHRF heating experiments up to the megawatt level were reported from 
ALCATOR C (F-II-1), PETULA-B (F-II-5), FT (F-II-3) and FT-1 (F-II-4-2). In FT-1, 
ion heating was observed with two antennas, one placed above and the other below 
the plasma. The interesting observation is that the VB-favoured antenna has a 
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higher heating efficiency. In PETULA-B, ion heating is observed for a rather narrow 
range of density, (5—7) X 1019 rrf3, with an efficiency of ïïAT/P = 
4 X 1019m~3-eV-kW-1. Electron heating only is observed in FT and ALCATOR G 

The power available for the EC heating reached a level of 1 MW in T-10 (F-I-l ) 
and raised the electron temperature by 2.7 keV. It was found that the position of 
the resonance layer can be placed at 1/3-1/2 of the radius from the axis, relaxing 
the requirement for critical density. EC heating was also studied in DOUBLET III 
(USA) (A-II-5), FT-1 (F-II-4-2), CLEO and TOSCA (A-IV-1). The development of 
mainline heating methods is one of the pace-setting tasks in fusion reactor develop
ment. Although the present activity in RF heating development is not quite satis
factory, one may look forward to intensified effort in future experiments, being 
prepared or planned. 

Compression heating has the advantage of providing high heating power in a 
very short time. Major radius compression was studied in TFTR (A-III-1 ). Full 
compression from maximum to minimum radius is adiabatic, except that the 
electron temperature shows an enhanced loss. On the other hand, greatly enhanced 
convection is observed during free expansion following partial compression. 
Compression in the minor radius by raising the toroidal field is studied in 
TUMAN-2A (A-III-2). Both rather quiescent and anomalous compression modes 
were observed experimentally. Turbulent heating by a pulsed toroidal current was 
studied in TORTUR (A-VI-1). 

Non-inductive current drive provides the tokamak reactor design with an 
attractive option of running the plasma current continuously. LH current drive 
was tested in ALCATOR C (F-II-1), PETULA-B (F-II-5), and ASDEX (F-IV-3). 
The current drive efficiency r¡ = iT(1019rrf3) R(m) I (kA)/P(kW) is about 1 for 
these experiments. A small forward voltage of less than 0.1 V*m-1 improves the 
efficiency by a factor of three in PETULA-B. The current driven by the LH current 
drive is peaked at the centre as indicated by a peaked profile of X-rays emitted by 
the plasma. In PETULA-B and VERSATOR II (F-II-1), confinement times are 
enhanced during the current drive. Current ramp-up by LH waves was studied in 
ALCATOR C, PLT (F-II-2), WT-2 (F-IV-6), and JIPP T-IIU (F-III-2). The efficiency 
of the ramp-up (d(LI2/2)/dt)/P is 20-25% for ALCATOR C and PLT. 

Understanding the interactions of a plasma with divertors and limiters is an 
important subject in plasma physics since the boundary and, hence, the profile 
of a confined plasma are closely tied with these interactions. It is also a technically 
critical topic since the coupling of boundary and scrape-off plasmas with divertors 
and limiters has a significant impact on reactor design. Divertor studies in ASDEX 
(A-V-4) are focused on spatial measurement and basic processes at the divertor, 
while research in DOUBLET III (Japan) (A-V-l) concentrates on the global 
dependence of the plasma parameters on the plasma densities. In particular, very 
dense ( « 3 X 1020m~3) and cold («* 10 eV) plasmas are established at the divertor 
plates as the bulk plasma density is increased. Bundle divertor studies are reported 
from DÍTE (A-IV-4). Experiments on pump limiters were presented from TEXTOR 
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(A-IV-5-1) and ISX-B (A-IV-5-2). The pumping efficiency, the ratio of the removed-
particle flux to the total outflux from the plasma, is 2—13%, depending on pump 
limiter design and plasma conditions. The helium pumping efficiency in TEXTOR 
is, by a factor of two, less than that of hydrogen in TEXTOR, and the hydrogen 
pumping efficiency in the neutral-beam-heated plasma in ISX-B is larger than in 
the Ohmically heated plasma. An initial experiment on an ergo die magnetic limiter 
is reported from TEXT (A-IV-6). 

Magnetohydrodynamic studies remain an active area of tokamak research. 
Observations on disruptions have been presented from JET (A-V-5-5), FT (A-V-5-1) 
and LT-4 (A-V-5-2). In JET, precursors leading to disruptions are found to be 
similar to those observed in smaller devices. The decay rate of plasma current 
at the major disruptions is 106—108 A#s_1, smaller than the value generally assumed 
in the design, and tends to be larger for higher plasma currents. Studies have 
been made on the means of controlling magnetohydrodynamic activities and dis
ruptions. In Tokapole II (A-IV-2-2) it was found that a separatrix magnetic surface 
placed around the plasma makes the disruptions more benign. In T-10 (F-I-l), 
EC heating of the plasma just outside the q = 2 magnetic surface reduces the 
m = 2 activity by more than an order of magnitude, as expected. LH current drive 
in PETULA-B (F-II-5) reduces the m = 2 activity and prevents major disruptions 
which take place when q passes through three. In HT-6B (A-V-5-3), an 2 = 2 helical 
winding current of 0.2—1% of the plasma current reduces the m = 2 and 3 activities 
and eliminates minor disruptions. Also in TOSCA (A-V-5-4), an fi = 2 helical field 
of 2 - 3 % of the poloidal field generated by saddle coils reduces m = 2 activity and 
high-frequency fluctuations. 

Understanding anomalous transport in tokamak plasmas can be enhanced by 
experimental studies on the correlation between observed fluctuations and confine
ment times. Studies made in a number of devices are inconclusive, at present. In 
the TOSCA experiment described in the previous paragraph, reduction of magneto
hydrodynamic activities is not accompanied by an improvement of the confinement 
times. On the other hand, in TUMAN-2A (A-III-2), magnetohydrodynamic 
activities are found to affect the transport. Also in ISX-B (A-II-2), the confinement 
time in the Z-mode is correlated with the poloidal field fluctuation level, but not 
with the density fluctuation. However, in the TFR heating experiment (A-II-3), 
the confinement time is correlated with the density fluctuation level. 

Research on tokamak confinement will be broadened as large and/or advanced 
devices of the new generation will become operational. Three aspects of the research 
will continue to be most important: 1) exploring new regimes of high-temperature 
and confinement plasmas; 2) enhancing the potential of tokamak systems by 
developing advanced concepts; and 3) further development of the understanding 
of tokamak plasmas. The work required to fulfil these tasks is both scientific and 
technological. In this respect, progress in tokamak research is expected to foster 
research on other confinement systems and the development of fusion technology, 
in general. 
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SUMMARY ON 
ALTERNATE MAGNETIC SYSTEMS -
EXPERIMENTAL RESULTS * 
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United Kingdom 

1. INTRODUCTION 

Experimental contributions at this Conference have generally maintained the 
numbers they had at previous Conferences, about 50 papers, and much excellent 
and exciting new work on alternate magnetic systems has been reported. Perhaps 
we can look forward to an IAEA Conference when the labels "Alternate" and 
"Supporting" will be applied to papers on tokamaks. There is some change in the 
distribution of topics: mirrors, stellarators, Z-pinches and plasma foci are well 
represented; there has been some expansion of work on the reverse-field pinch, 
and on the newer ideas such as spheromaks and compact tori. 

2. OPEN-ENDED SYSTEMS 

The main theme of the experiments presented here (C-I-l to C-I-5, C-II-1 
to C-II-5) has been that of blocking the losses of particles (and power) from the 
ends. The tandem mirror, the principal representative, is characterized by a central 
solenoid, which should in due course contain the main reacting plasma: at each 
end a special systems is developed to block the loss of particles. To do this, 
electrostatic potentials have to be developed at different points along the line of 
force. The essential features of the scheme, as characterized by the IM0 (C-I-3) 
and TMX-U (C-I-l) experiments are shown in Fig.l. The purpose of the potential 
0V(relative to 0e), called the thermal barrier, is to reduce the number of high-energy 
ions in the plug, hence to lead to lower power consumption. 

The central achievement reported in two papers describing complete experi
ments (C-I-l, C-I-3) is that the potentials required have, at least qualitatively, been 
achieved as shown by direct measurements of the potential — using escaping ions 
formedïby diagnostic neutral-atom beams directed at the appropriate axial regions 
of the column. It is clearly established that the end loss of ions through the plug 
is sharply reduced — by the order of a factor of ten in each experiment provided 

* This summary talk was also published in Nucl. Fusion 25 2 (1985) 205. 
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that both the hot electrons and the hot (so-called sloshing) ions are present in the 
plug region. And the objective of reducing the ion density in the plug region to 
a value less than in the central region has been achieved in TMX-U. 

These improvements are achieved by heating the electrons in the barrier with 
ECRH at a level of hundreds of kilowatts. The total power absorbed is about 
1 MW. Values of the potentials and of the temperature in the central cell which 
they have to confine are shown in Table I. In a reactor the potentials will have 
to be about six times kT/e (see the figures for the Mars reactor study). The 
achieved potentials seem to be sufficient for the electrons, but perhaps marginal 
for the ions. The central-cell plasmas were heated to the values shown in Table I 
by ICRH by about 100 kW power absorbed. The main central-cell parameters are 
summarized in Table II. They do not in themselves represent great advances on 
previous results. 

The subjects requiring further work in this area are numerous. In the first 
place, there can be a serious radial loss of ions from the central cell because of the 
rotation due to the plasma potential with respect to the walls. A reduction of this 
loss of about a factor of two has been achieved by applying a voltage to annular 
end plates; a non-ambipolar radial loss time of about 14 ms is recorded in TMX-U 
for the most favourable comparison. In the IM0 this loss is reported to be much 
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less severe, perhaps as a result of using an axi-symmetrized magnetic-field configura
tion, i.e. one where the field curvature and the geodesic curvature counteract 
each other. 

In the second place, the ion energy confinement time in the central cell is in 
fact not dominated by radial particle loss, but by charge exchange or electron 
drag from the electron temperature in the central cell; and these restrict the 
central confinement time to no more than 5 ms. Thirdly, the duration of the 
plugs is short (3 ms in T-10; and up to 15 ms in the experiments on TMX-U). 
The improvement in the central plasma parameters recorded as a result of the end 
plugging is a 20% improvement in the density in the case of IMO. It therefore 
seems a task of great importance for these machines to establish an energy and 
particle balance of the central-cell plasma when the plug time is sufficiently long, 
so that a clear picture of an improvement in plasma parameters as a result of the 
electrostatic confinement can be obtained. 

In the RFC-XX-M experiment at Nagoya (C-II-3), a cusp-ended magnetic 
geometry is used for the plugs and ICRH is applied at the ring-cusp to provide 
blocking. In this case, the variation in confinement times with and without end 
plugging is well documented as a function of central-cell ion temperature: the 
plugging is accompanied by a rise in electron temperature from 20 to 50 eV. The 
ion energy confinement time of the central cell, measured by diamagnetic loops, 
improves to about 1 ms but is very close to that expected from the electron drag 
due to central-cell temperatures. The complete axisymmetry of RFC-XX is 
obviously a great advantage; but the field zero of the cusp gives a qualitatively 
different feature though this is not reflected in any actual observation. In the 
experiment evidence of MHD fluctuations is found. 

TABLE I. MIRROR MACHINES - PLUG POTENTIALS 

Machine 

TMX-U 

r-io 
Phaedrus 

RFC-XX 

[Mars 

0e 
Central cell/wall 
(stops electrons) 

0.9 

0.7 

0.06 

0.10 

+160 

Potentials (kV) 

0c 
Plug/central cell 
(stops ions) 

1.5 

0.40 

0.04 

0.25 

+150 

0b 
Thermal barrier/central cell 
(stops electrons) 

-0.45 

-0.3 

0 

0 

-120 

Temperatures 
(keV) 

Ti Te 

2-3 0.1-0.2 

0.2 0.05 

No thermal barrier 

No thermal barrier 

28 24] 



TABLE IL TANDEM MIRRORS: CENTRAL-CELL CONDITIONS 

B ne 

(T) (1012cnT3) 

r-10 0.5 1.8 
(Tsukuba) 

TMX-U 0.3 2-6 
(Livermore) 

Phaedrus 6 
(Wisconsin) 

RFC-XX-M 0.35 6 
(Nagoya) 

Tara 0.2-1.5 
(MIT) 

Te Ti Length 
(eV) (keV) (m) 

50 0.2 6.0 
(axisymmetrized) 

100-200 2-3 8.0 

30 0.5 1 
(single-end operation only) 

10-30 0.3-0.5 2 

20-60 1.2 10 

Radius j3 r e 

(m) (%) (ms) 

0.20 1 

0.15 6 3-5 

> 

0.15 8 - w 

0.05 1 

0.12 3 0.5 

a Te is the energy confinement time of the plasma in the central cell. 
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In all these mirror machine experiments we must be greatly impressed by the 
skill of the experimentalists in operating such complex apparatus. The plugging 
cells themselves are complicated magnetic field coils; they require neutral-beam 
injection, electron cyclotron heating at substantial power; ICRH and NBI are used 
for the central cell; gas feeds have to be adjusted to get the required densities; 
charge-exchange pumping is needed to exhaust slow ions from negative potential 
regions; end plate potentials have to be adjusted to decrease crossfield losses. 

Solving the problems of getting all these systems working together with the 
diagnostics is a major achievement. Moreover, the multi-dimensional nature of 
parametric space variations that are possible makes interpretation and comparison 
with theory in these early stages very complex. It seems to me that these systems 
are very much at the physics research stage; and indeed one might say that the 
whole subject of electrostatic confinement is in the process of being put on a 
systematic basis. It is as yet too early to draw firm conclusions on the ultimate 
effectiveness of one-dimensional electrostatic confinement. 

3. STELLAR ATO RS 

I believe all of us were equally impressed by the outstanding results achieved 
by the experiments on stellarators. Moreover, most of the results are in remarkably 
good accord with one another. All the experiments used so-called currentless 
plasmas, and this represents the main advance from earlier conferences. 

Table III shows the main experimental assemblies reported on and tries to 
summarize the main features. First, all the main variants of helical winding configu
rations are represented, including the Torsatron (D-I-3), the Heliotron (D-I-2, F-I-4) 
£ = 2 (D-I-l, D-I-4, D-I-5) with and without shear, and fi = 3. The CLEO configura
tion (A-IV-1) is a mean magnetic well of the type proposed by Taylor. Heliotron E 
is a magnetic mountain with strong shear. Second, all the main heating methods 
are represented; by a tour de force of experimentation Heliotron E has used three 
methods and has included pellet injection experiments. W VIIA makes use of 
ECRH and neutral-beam injection. 

It is difficult to characterize these stellarators by a single figure, but on the 
scale of effective poloidal flux, an equivalent current can be obtained which gives 
some rough indication of the confinement potential. On this scale, the Heliotron E 
would appear to be the most powerful; and indeed it produced the highest reported 
value of nre ^ 5 X 1012 cm"3,s and also the highest value of j3 (D-I-2). The other 
experimental assemblies correspond, in this sense, to rather small tokamaks by the 
standards summarized by Dr. Yoshikawa. On only one of the experiments did 
the authors volunteer some disappointment with the results: in the case of 
Uragan III, the perfection of the magnetic surfaces is said to be suspect and is 
thought to be responsible for the relatively poor confinement times achieved. 



TABLE III. STELLARATOR EXPERIMENTS 

Machine 
r/R 

(cm) 
e/m shear equiv. 

(kA) (1013cm-3) 

Te/T¡ 

(keV) (ms) 
' (0) 
(%) 

Heliotron E 

ECRH/NBI 

ICRH/ECRH 

WVIIA 

NBI 

ECRH 

Uragan III 

ICRH/AW 

L-2/ECRH 

CLEO/ECRH 

20/220 

10/200 

13/100 

11/100 

10/90 

2/19 

2/5 

3/9 

2/14 

3/7 

2.5 

0.5 

0.63 

0.6 

0.7 

0.6 

high 

none 

high 

modest 

high 

400-200 

400 

40 

17 

45 

(45) 

27 

2 - 9 

2.5 

10 

0.5 

1.5 

0.7 

0.5 

1/0.9 

0.4/0.4 

0.6/1.2 

1.2/0.23 

0.06/0.27 

0.5/0.063 

1.2/-

4 0 - 6 0 

— 

10-20 

1-2 

0.2 

2 -2 .5 

0.6 

3.6 

_ 

1 

0.3 

0.6 

-

0.5 

P
E

A
SE

 

a Non-Maxwellian component found: Tjj ^ 400 eV; Te is Maxwellian. 
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FIG. 2. Radial profile of calculated electron thermal diffusivity coefficients x (cm2' s'1) for 
W VIIA experiments (D-I-5), with rough mean experimental value [(r/2)2/Te] shown hatched. 

As regards an explanation of the confinement times, I am fortunate that 
Dr. Kovrizhnykh in paper E-I-5 produced some detailed predictions of neoclassical 
theory as applied to these experiments. In his analysis, particularly of the 
Heliotron E and of the L-2 experiments, he reports that the results are close to 
those expected from his prediction of neoclassical theory. 

The following main conclusions may be offered. First, in the shearless case 
of W VIIA the presence of the low-(m, n) resonances in the field structure is 
dangerous and can lead to low confinement times. Provided these resonances are 
avoided, the confinement times are close to those of other stellarators, and the 
confinement time improves with-e. 

Second, the detailed predictions of Te(r) and Ti(r) profiles as a function of 
heating power, by Dr. Kovrizhnykh, agree within some tens of per cent in the 
case of Heliotron E and in the case of L-2, for a given density distribution. The 
agreement in these cases is both for the ion thermal conductivity and for the 
electron thermal conductivity; the theory includes a self-consistent radial electric 
field and an estimate of the effect of impurities. The absolute energy confinement 
time for L-2 is 2-2.4 ms, in close agreement with the value observed. The W VIIA 
analysis based on the theory of Houlberg, and of Hinton and Hazeltine, shows 
three components: Fig.2 shows a simple neoclassical conductivity, a contribution 
from the superbanana orbits and, in the outer regions, an anomalous loss of the 
order of xe — 1017n-1Te~

0,6, derived from earlier measurements with Ohmic 
heating. 
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Third, the experiments agree that, provided the obvious MHD-type instabili
ties are avoided, Ohmically heated plasmas do not appear to give very different 
results, although direct comparison of the two heating methods in identical 
conditions was not presented. 

Fourth, the possibility that in low-/3 stellarator experiments true neoclassical 
conditions are being approached is supported by the evidence of a current in the 
NBI-heated W VIIA (D-I-l), which is in qualitative agreement with the neoclassical 
theory of the bootstrap current although leaving some room for doubt on the 
magnitude. Also extremely low levels of fluctuation are reported at low 0. 

The main reason for the relatively high neoclassical electron thermal con
ductivity is the calculated contribution from the superbanana orbits of the 
electrons. There is a difficulty in that the conductivity coefficients encountered 
in the plateau regime are difficult to distinguish from anomalous values. In his 
recent review paper (Nucl. Fusion 24 (1984) 851) Kovrizhnykh has estimated 
that, taking all the difficulties and uncertainties into account, the collisional 
transport coefficients in stellarators can be calculated with an error of perhaps 
up to two or three times, so that the agreement is better than we have the right 
to expect. 

Moreover, it is legitimate for the experimentalists to ask their theoretical 
colleagues: what has happened to all those micro-instabilities with which we used 
to be terrorized? 

Nonetheless, the advances made in these experiments towards agreement 
between theory and experiment, whilst they must be regarded with caution, are 
extremely encouraging; they not only justify vigorous pursuit of stellarator 
research both in the direction of achieving higher temperatures and greater confine
ment parameters in larger systems, but also in the direction of understanding of 
transport processes which to some of us seemed almost impossible to achieve in 
non-symmetric systems, but which now seem possible. Stellarators have an 
obvious supporting role in helping with the problems of experimental confine
ment observation in tokamaks. 

As regards reactor potential, these experiments also yielded important 
advances in the value of beta achieved. The average value of 2% in Heliotron E 
approaches the best achieved values in tokamaks. In the data presented by the 
groups, there is an essentially linear increase of beta with heating power up to the 
maximum beta reported. The possibility of going further is, however, limited 
by the observation of the onset of some MHD-type activity, in Heliotron E, and 
by the approach towards the various theoretical stability limits derived from 
tokamak theory, in the case of W VIIA. In Heliotron E the observed fluctuations 
are in good agreement with an m = 1 resistive interchange mode at the beta value 
near to the limit for the ideal mode. This is a matter of interest to the shear-
stabilized reversed-field pinch. As has been known from the earliest days of 
stellarator investigations, it will be both important and difficult to find configura
tions in which the beta is raised to a value of practical use. But it appears that 
such new configurations are being devised. 
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FIG. 3. Reversed-fie Id pinch profiles. 

4. BUMPY TORUS 

We have heard two papers on the bumpy torus systems (D-III-4, D-III-5). The 
main important result is a downward revision of the electron temperature to 
80 e V and of experimental confinement times in EBT which is requiring a 
reappraisal of the main framework of interpretation of this experiment. Research 
on bumpy tori is of great interest because, for example, one of the many methods 
of improving confinement in the stellarator configuration is the inclusion of field 
components corresponding to the bumpy torus effects; and therefore a clear 
understanding of the processes in bumpy tori should prove of great value. 

AXISYMMETRIC CURRENT-CARRYING TOROIDAL SYSTEMS 

5.1. Reversed-field pinches 

The reversed-field pinch configuration (RFP) was originally predicted to be 
stable according to ideal-MHD theory by Rosenbluth in 1958 and found to occur 
spontaneously in the Zeta machine in 1963 to 1968, a phenomenon now described 
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TABLE IV. PLASMAS IN FIELD-REVERSED PINCHES 

Device 

Eta Beta II 

TPE1RM 

HBTX1A 

ZT-40 M 

OHTE 

I 
(MA) 

0.1-0.2 

0.14 

0.2 

0.4 

0.5 

6 

2 

1.4 

1.8 

1.5 

-

"e 
(1014cm-3) 

1 

0.3 

0.1 

0.8 

3 

Te 

(keV) 

0.1 

0.4 

0.35 

0.5 

0.5 

T; 
(keV) 

(0.1) 

0.7 

(0.1) 

(0.5) 

0.4 

ÔB 
B 

1% 

-

1% 

0P 
(%) 

10% 

-

8-11 

20 

(ms) 

— 

0.1-0.2 

0.1 

0.7 

0.3 

6 is the mean poloidal field at the surface of the plasma divided by the mean toroidal field 
in the torus. 

as a relaxation to a minimum energy state. The pressure gradients are stabilized 
by high shear against adverse field line curvature associated with the desirable low 
external field strengths. 

The field configuration in the outer regions is particularly important. Three 
versions are experimentally studied as shown in Fig.3. The first, which is MHD-
stable, is provided by a reverse B^ with a reverse E^; the second, the OHTE 
configuration (D-II-1), also stable, is provided by currents in helical windings and 
permits sustained operation. The third configuration that can arise with positive 
E0 has a zero in the shear; therefore, a sustained RFP is liable to instability. 
Unfortunately, measured details of the outer field configurations are not displayed, 
but the main experiments reported were of the sustained reversed-field pinch 
(D-II-2, D-II-3, D-II-5, D-II-6). Eta Beta II reported a comparison of positive E</> 
with negative E0. This Eta Beta comparison is at rather low current (100 kA), 
but in this experiment essentially no difference in the confinement was found. 
The main results are summarized in Table IV and are characterized by a substantial 
increase in electron temperature and in the confinement parameters associated 
with operation at high currents. Some years ago, the high electron temperatures 
initially found on TPE 1 RM in Japan were greeted with great scepticism. Now 
they are generally observed although they are often associated with relatively 
high Zeff. 

Favourable scaling with current is found, namely 

Te « Ia , a «s 1 

N o e l 

nre « I 7 ; 7 = 2 - 3 

Figures 4 and 5 show the advances achieved. 
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OHTE CONFINEMENT SCALING 
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FIG. 4. Improvemen t of Te with confinement (OHTE results, D-II-1) including a point from 
ZT-40Mand HBTX1A. 
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The fact that the highest j3̂  and confinement parameters are found in OHTE 
may be associated with the more favourable configuration, but the advantage is 
small and not decisively proved. All these configurations are sustained for up to 
20 ms, many times the energy confinement time. As explicitly shown in Eta 
Beta II (D-II-6) the radial thermal conduction is anomalous - Dr. Ortolani 
indicated a factor of 30 compared to neoclassical ion thermal conduction and 
fluctuation levels are anomalous. If we think in terms of the plausible tangled 
discharge model, the 100 V or so per turn required to produce temperatures of 
500 eV indicate that, on average, each electron (or line of force) can go some 
10 to 15 times round the torus, before striking or at least losing its energy to 
the wall. 

All the experiments showed high ion temperatures with some non-Maxwellian 
ion velocities and shifted mean energies which promise to clear up some of the 
mysteries left by the pioneer observations on ion temperatures in Alpha and Zeta 
(see the review article by Bodin and Newton, Nucl. Fusion 20 (1980) 1255). 
Both theory and experiment in general indicate a reduction of magnetic fluctua
tions as the magnetic Reynolds number S is increased (as S_1/2). 

Some explanations are offered for the parameters of Table IV. The value of 
theta is close to that required to reverse the field (1.4) without going over the kink 
stability limit (1.8). The values of density generally accord with the empirical 
formula I/N = 10~14 A*m for optimized operation. The temperatures are arrived 
at by the balance of Ohmic heating with an unknown loss mechanism probably 
associated with fluctuations and an effective beta limit. The beta observed is well 
below the ideal limit but above that at which resistive modes might be serious 
(though decreasing with S). The duration of the pulse (20 ms) requires a dynamo 
mechanism to sustain the reverse field in the simple RFP, but not in OHTE. 
Detailed measurements of the magnetic fluctuation spectra provide evidence of 
resistive tearing modes which presumably must disappear as the configuration 
approaches the Taylor ideal. 

The main advances reported at the Conference are due to the increased 
currents obtained, to the improved equilibrium control with a vertical field, to 
the extensive use of carbon to protect the walls, and to the continued process of 
reducing the field errors due to small misalignments of coils and the skin currents 
around breaks in the solid wall. 

The main route forward, from the results, is undoubtedly that of increasing 
current — simply to provide stronger fields for confinement. Such a device (RFX) 
aiming at 2 MA is now under construction at Padua. 

The key issue, in my view, is to establish whether or not the resistive inter
change modes limit beta to an unacceptably low value. However, it should also 
be possible to exploit some of the diagnostic and technical advances obtained on 
tokamaks to broaden the experimental attack on the RFP. One such possibility 
is reported from Los Alamos where the first experiment on an idea for sustaining 
the relaxed discharges by oscillatory voltages is being explored. 
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5.2. Spheromak, and field-reversed systems 

The papers in this area (D-III-1, D-III-3, D-IV-7) describe experiments of 
essentially exploratory nature with relatively cold plasma. The spheromak was 
introduced to us by Harold Furth and colleagues at the Innsbruck Conference. 
The configuration can be described as a toroidal pinch with theta value of 1.4, so 
that the toroidal field is zero at the plasma surface and the central hardware is 
removed. 

The central problems of the configuration are (i) setting it up, (ii) sustaining 
it against resistive losses and (iii) suppressing the ñip instability. In all three 
experiments, ring currents of the order of 100 kA have been set up in cylindrical 
vacuum vessels characterized by 1 metre dimensions. 

The trapped toroidal field yields q-values varying from 0 at the edge to about 
0.5 in the middle, so the plasmas are liable to m = 1 and n = 0, 1,2 instabilities, 
some of which are seen. Beta values of about 10% are reported. 

The main advance reported from the newly-started SI spheromak is that 
by the addition of new figure-of-eight windings the configuration is preserved 
against gross instability for the full decay time as predicted. The experiments show 
elegant flux plots (Fig.6 of D-III-3) of the spheromak configuration. 

In the Japanese CTCC-1, stabilization against the flip and slide modes is 
achieved by a conductor inserted along the axis. No attempt has so far been made 
to maintain the currents in the configuration in either experiment. 

In the Los Alamos CTX experiment, the spheromak configuration is formed 
by a Marshall gun plasma injector; it is then sustained by leaving the voltage on 
the gun electrode. The process of sustainment is identified as being a relaxation 
to a Taylor minimum energy state; this sustainment is presumably the same 
process as in the reverse-field pinch. Although quite large currents have to be 
drawn, the 100 kA toroidal spheromak configuration can be sustained for 10 ms. 
This phenomenon, known as helicity injection, by which quite small currents can 
in principle be used to sustain relaxed current configurations in any flux contain
ment system is clearly of great general interest. The 100 MW power and 1 kV 
potential that I am told are required to sustain the configuration in CTX seem to 
be some way from the ideal of a magnetic genie created in an Aladdin's bottle by 
a thin wisp of helicity injected by electrodes at the top and bottom. 

6. FIELD-REVERSED CONFIGURATIONS 

Plasma experiments of the field-reversed 0-pinch type are reported by four 
groups (D-III-2-1, D-III-2-2, D-IV-1). The rotational instability familiar from 
early days is stabilized by either quadrupole or helical windings added externally. 
The theory and experiment of the suppressive fields necessary are reported to 
be in good agreement (Osaka). It is not clear that the stabilization at the edges 
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TABLE V. FIELD-REVERSED CONFIGURATION 

NW 

OSAKA 

NIHON 

ZANZ 

Bz 

(T) 

11 

-

-
0.4 

8 
(cm) 

40 

4 0 - 9 0 

100 

200 

Te 

(eV) 

150 

100 

100 

125- 175 

Ti 
(eV) 

250 

300-500 

200 

200-600 

n 
(1015 

1 

2 - 6 

2 

5 

cm" 3) 
re 

0*0 

70 

60 

3 0 - 100 

nr e 

(cm~3,s) 

1 0 " 

1 0 u 

4 X 1011 

of the plasma annulus where there is strong adverse curvature is achieved, but 
the Los Alamos group reports new theoretical results which qualitatively support 
the slow growth rates inferred from the experiments. 

To provide conducting-wall stabilization and comparison, both the Los 
Alamos group and the Nihon University group have moved the RFC plasma 
configuration along distances of 4 m at 7 X 106cm*s_I without loss of coherence. 

In general, these configurations last about 100 ¿ts, with somewhat shorter 
energy confinement times and with densities of 1015cm~3, several hundred eV ion 
temperature, 100 eV electron temperature and |8 = 1. Some favourable scaling 
characteristics of the configuration are reported. Table V summarizes the 
impressive achievements in the configuration. 

7. PLASMA FOCUS 

The plasma foci experiments were the subject of several papers (D-III-6-1 , 
D-III-6-2, D-III-6-3, D-III-6-4-1, D-III-6-4-2). All three experiments agree that 
the main part of the neutron yield is due to accelerated deuterons. In the biggest 
experiment, 1011 neutrons are produced by ion beams with energies up to 450 keV. 
In the smaller machines reported from Japan, even higher-energy particles are 
observed (1 MeV). There is no adequate theory of the acceleration mechanism, 
and the theoretical papers from the Soviet Union agree that the crude assumption 
of 10~2 classical conductivity is unsatisfactory. Experimentally some beautiful 
laser diagnostics are reported by the Stuttgart group (D-III-6-3) for measuring 
density and temperatures and the Japanese group for measuring field strength 
(D-III-6-2). And it is these which establish that the temperature and densities 
measured are inadequate for a thermonuclear process. Nonetheless, these small 
pulsed machines provide fusion power at about 1 MW, although for extremely 
short times. 



IAEA-CN-44/K-2 471 

8. CONCLUSIONS 

Let us try to stand back a little, and look at the development of fusion 
research as a whole. It is natural, in Imperial College, for us to recall the 
beginnings of magnetic confinement physics — in a shed at Princeton or in a 
basement here in Imperial College by Dr. Ware. We can then see that indeed a 
new branch of physics has been created; and we can identify the various architec
tural features or specialities which make it up, and the efforts that have gone into 
its construction. 

Almost twenty years ago a pattern began to emerge, partly as a result of 
improved experimental and diagnostic techniques, of correspondence between 
experiment and theory, first in the open-ended systems, and somewhat later with 
the tokamaks, which led to a grasp of the essential physical qualities of these 
systems. 

It seems to me that, as to the work reported at this Conference, similarly 
great importance may be attached to the development of research on stellarator 
systems which at one time seemed to defy analysis. But the experiments now 
all agree with each other and in several striking cases there is encouraging correspon
dence with neoclassical theory which, though not yet certain, can surely be pressed 
to a conclusion. At the same time record new parameters have been obtained 
which, however, do remind us of the potential difficulties of the present stellarator 
systems. Stellarator research can indeed support both tokamaks and the reversed-
field pinch. 

The reversed-field pinch and related spheromaks are MHD-stable axisymmetric 
systems on which great progress has been made but it is here that major under
standing of the system is still to be achieved, especially of the relaxation and 
dynamo processes. 

New features of the one-dimensional electrostatic confinement system in 
mirrors have been qualitatively established. The task for the immediate future 
is to show that corresponding significant advances in the plasma parameters of the 
central cell can be achieved. 

Over the years we have learned of the difficulties, indeed disappointments, 
that can come from relying on special effects to overcome predicted MHD insta
bilities; such means must not be regarded as an impossibility. We must applaud 
the striking parameters achieved in the field-reversed systems, the plasma focus and 
perhaps the Z-pinch. But in those systems progress will depend on achieving a firm 
understanding of the important non-fluid effects to provide gross stability, which 
remains a formidable field of research. 

I should like to thank all who provided such interesting papers for my review 
and to apologize for errors and omissions and, especially, to those whose excellent 
work I have found too little time to discuss. I am grateful to Drs A. Newton and 
D. Robinson for assistance in preparing this paper. 
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1. INTRODUCTION 

The role of fusion plasma theory is to develop a predictive understanding of 
the underlying science in plasma experiments and provide a basis for extrapola
tion and improvements in future experiments and reactor design studies. While 
the basics (particle orbits, Coulomb collisions, equilibrium, wave propagation into 
plasmas, neoclassical transport, and some macroscopic resistive MHD effects) 
seem relatively well understood, most non-linear collective effects (e.g. MHD beta 
limits, turbulent transport) remain to be clarified and are active research areas. 
The increasing maturity of fusion plasma theory was evidenced at this Conference 
by: (1) the increasingly detailed comparisons with experimental results; (2) the 
broadening of its concerns beyond the traditional areas of plasma stability and 
transport to include (about 50% of theory papers) plasma heating, edge physics 
and transport modelling; and (3) the rapid transfer of newly understood 
concepts from one confinement scheme to another. Further, fusion theory is 
becoming increasingly integrated into the primarily 'experimental' papers — of 
about 145 papers on magnetic confinement, 40 were predominantly theoretical, 
but about 30 of the remainder had substantial theoretical components. In the 
following, theoretical developments at the Conference in the various magnetic 
confinement concept areas are summarized first. Then, the RF (radiofrequency) 
wave heating and general theoretical tool developments are summarized, followed 
by some brief conclusions. In this brief summary, the various papers are cited by 
their Conference number and the presenter or first author for easy identification; 
for complete references and proper credit for the ideas developed, readers should 
consult the papers themselves. 

This summary talk was also published in Nucl. Fusion 25 2. (1985) 205. 
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TABLE I. p LIMIT COEFFICIENT C0 DETERMINED FROM VARIOUS MHD INSTABILITY MODELS 

Model Authors C0 Comments 

External kinks Troyon et al. [ 1 ] 2.8 No wall stabilization effects 

High-n ballooning Sykes et al. [2] 4.0 Optimized pressure profile P 

Ballooning Bernard (A-IV-2) 2.9 f(K, 5) f= 1.27 for D-III r 

Ballooning/external kinks Degtyarev (E-III-2) g(q,K,S) Two-stage optimization ^ 

Internal kinks/ballooning Goedbloed (E-III-3) 3.1 Circular plasma, primarily m/n =1/1 mode 
limit 

Ballooning Tuda (E-III-4) 4h(K,S,q) A non-linear stabilization mechanism 
discussed 

External kinks Tuda (E-III-4) 3.2k(«,8,q) Similar to ballooning limit for awau/a « 1.5 
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2. TOKAMAKS 

In concert with the experimental situation, there were more theoretical papers 
concerned with plasmas confined in tokamaks than any other magnetic confine
ment concept. Since the basic tokamak concepts seem well understood and this 
area has attracted the most theoretical effort over the past decade, tokamak plasma 
models are relatively highly developed. Nonetheless, as indicated in the following 
discussion, there are a number of critical areas of tokamak behaviour that are 
not yet well understood. 

2A. /3-limits 

A key issue for tokamak plasmas is the maximum beta (ratio of plasma 
pressure to magnetic energy density) that can be contained stably. As indicated 
in the preceding discussion of tokamak experiments, the maximum volume-average 
/3's attained experimentally can be characterized by |3(%) = 3.5 I(MA)/a(m) B(T). 
This form of the j3-limit has been suggested by theoretical studies of macroscopic 
external kink [1] and ideal-MHD ballooning instabilities [2], which use 'optimized' 
pressure profiles that are marginally stable throughout the plasma. A number of 
theoretical papers presented at this Conference studied in greater detail the (3 
limits due to these instabilities, using a variety of plasma models. Their results are 
summarized in Table I in terms of the constant C0 in the empirical scaling: 

I (MA) e 

a(m) B(T) q 

The theoretical limits bracket the experimentally observed mean value of 
C0 = 3.5. The kink mode limits tend to be slightly lower than those derived from 
ballooning modes, although the two limits can be comparable if wall stabilization 
effects are included. 

The experimental observations are not clear as to the types of precursor modes 
that cause the 0 limits. Some sporadic high n (about 3 to 5) precursors were 
reported near the j3 limit in many experiments [D-III (A-IV-2), PDX (A-II-4), 
TORUS-II (A-VI-6), TOSCA (A-IV-I)]. However, these ballooning-mode-like 
precursors did not seem to deteriorate confinement significantly. On the other 
hand, spme m/n = 2/1 or 1/1 precursors (external, internal kinks?) were observed 
before disruptions at high poioidal 0 [D-III (A-IV-2), PDX (A-II-4)]. Thus, while 
the theoretically predicted |3 limits seem to correlate fairly well with the maximum 
values attained experimentally, much work remains to be done to determine the 
precise modes responsible for the j8 limit, and perhaps how they could be 
ameliorated. 
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There were also papers presented on schemes for raising the |3 limit. Indenta
tion of the plasma on the small-major-radius side into a 'bean'-shaped cross-
section has been proposed [Okabayashi (A-IV-3)] as a means to gain access to the 
high-j3 'second stability' regime [3]. Preliminary experimental tests have been 
encouraging in that higher |3 is obtained in the 'bean-shaped' cross-sections than 
in circular discharges in PDX, but so far the highest 0 values achieved in other 
experiments have not been exceeded. Also proposed was the use of large vertical 
ellipticity (b /a> 2) and low aspect ratio to gain access to |3> 15% plasmas that are 
stable to all ideal-MHD instabilities [Hamada (H-II-3); Okabayashi (A-IV-3)]. In 
the latter proposals, a close-fitting conducting shell (primarily for vertical stability) 
and the absence of resistive MHD instabilities may be critical for their attainment. 
Finally, in addition to showing how neutral-beam-produced fast ions injected 
perpendicularly can destabilize the m/n =1/1 ideal-MHD kink modes to cause 
'fishbone' oscillations and enhanced transport at high jS in PDX, the paper by 
Chen (E-II-1) indicates ways to use an energetic ion component to enhance 
MHD stability 

2B. Resistive MHD instabilities: macroscopic discharge behaviour 

The non-linear evolution of the low-mode-number resistive MHD instabilities 
of the kink/tearing type is generally thought [4] to provide at least the basics of an 
understanding of most of the experimentally observed macroscopic behaviour in 
tokamak discharges: m/n = 1/1 modes causing internal disruptions, sawteeth in 
Te(0,t); m/n = 2/1 modes causing saturated magnetic islands, Mirnov oscillations; 
overlapping 2/1 and 3/2 modes causing magnetic field line stochasticization, major 
disruptions, etc. A good correlation of the m/n = 2/1 part of this theory with 
experiment was demonstrated in two experiments discussed at this Conference 
[Huo (A-V-5-3); Morris (A-V-5-4)]. There, calculations and experiments showed 
that an externally applied resonant perturbation (with induced island width greater 
than the tearing layer width) can suppress the 2/1 mode and perhaps reduce the 
overall magnetic fluctuation level as well. 

Three additional hypotheses for the cause of the major disruption in tokamaks 
were advanced at the Conference. In a model advanced by Wesson (E-I-3), it was 
shown that a saturated m/n = 2/1 mode could become 'destabilized' under 
certain conditions that may arise during the resistive evolution of the current profile. 
For the later time development (second stage of disruption) Drake (E-II-3) 
showed that if 2 > q(0) > 1.5, the m/n = 2/1 modes can grow to very large 
amplitudes (island width ^80% of plasma radius). Finally, Rebut (E-III-7) 
proposed a model for major disruptions based upon the coupling of tearing modes 
and thermal instabilities. 
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2C. Anomalous transport 

There is as yet no consensus about the underlying cause of the anomalous 
transport observed in tokamaks. The experimental data are usually characterized 
by empirical scaling laws, primarily for the energy confinement time rE. However, 
there appear to be anomalies, relative to neoclassical transport, not only in the 
dominant electron heat diffusivity (xe> factor of about 100), but also in particle 
diffusion (D, about 25), impurity diffusion, toroidal mementum relaxation 
(T<P < TE), and the inward pinch velocity (about 1 to 10). The possibility that the 
toroidal flow damping is neoclassical and due to non-axisymmetric magnetic field 
ripple was discussed by Kolesnichenko (E-III-5). In ISX-B experiments (A-II-2), 
the toroidal flow due to neutral-beam momentum input (co-, counter- and balanced) 
was shown to affect both the ambipolar potential (in apparent agreement with 
the neoclassical radial momentum balance) and the particle containment, but not 
the overall energy confinement. Finally, it was shown in Alcator C (A-I-3) that 
after pellet injection the new electron temperature profile relaxes much more 
rapidly than expected even with the usual anomalous transport (At «=» rE /100 
<^rE(Ax) 2 /a 2~rE /10) . 

Three specific models of tokamak anomalous transport processes were 
discussed at this Conference. Coppi (E-II-4) highlighted the fact that with the 
large ion temperature gradients (rn = d lnTj/d Inn £ 4) arising from strong gas 
puffing in Alcator C, the ion mixing modes could increase the edge transport there. 
Rogister (E-III-1), noting that the growth rate and the induced transport due to 
trapped-electron modes increase rapidly with the electron temperature Te, 
proposed a model in which these modes grow rapidly when Te is changed (due to 
heating, sawteeth, etc.) and thereby act to hold the Te profile nearly constant. 
A similar idea was advanced by Tang (E-III-8) in which the Te profile is 
constrained by resistive MHD modes for q < 1 and q > 2, but is determined by the 
trapped-electron modes in the 'confinement zone', where 1 < q < 2. The proponents 
of these models claim agreement with a number of primarily equilibrium aspects 
of tokamak experimental data; however, their ultimate veracity rests with more 
detailed comparisons with experimental data, particularly with regard to the 
dynamic behaviour of the transport. 

Finally, two general models of turbulent transport processes in plasmas of the 
tokamak type were presented. In one, Kadomtsev (E-II-2) provided a derivation 
of non-linear fluctuation equations similar to those for resistive MHD in a large 
toroidal field limit, but which includes scalelengths of the order of the electro
magnetic skin depth, c/cope. The transport relative to the flux surfaces was shown 
clearly to depend on a dissipation mechanism — in this case electron Landau 
damping. Assuming an inertial cascade from long to short wavelengths, the induced 
electron heat diffusivity was shown to scale like previous estimates of induced 
transport at these short scalelengths [5], and the toroidal momentum confinement 
time was estimated to be comparable to the energy confinement time. 
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In the other general model advanced by Taylor (E-I-2), the invariance 
properties of the non-linear fluctuation equations were used to determine the 
appropriate dimensionless variables for transport scaling laws. This procedure is 
equivalent to determining mixing lengths and times as in hydrodynamic 
turbulence and using them to estimate transport properties. This paper extended 
the authors' previous work [6] to include more constraints by restricting attention 
to the reduced MHD equations, considering only local resistive fluid turbulence, and 
taking into account transport along stochastic magnetic field lines. These were the 
same ingredients as in the Carreras-Diamond renormalized turbulence model [7] 
of anomalous electron heat transport due to resistive ballooning modes at high j3p 

that correlated well with ISX-B experimental results; the authors were able to 
reproduce the Carreras-Diamond scaling law using their scale invariance method. 
They also applied their method to estimating the anomalous transport in reverse-
field-pinch plasmas (see also Section 4 below). 

2D. Plasma edge modelling 

Five papers reported on modelling of divertors and pump limiters at the edge 
of tokamak plasmas. The plasma models used mostly assume anomalous perpen
dicular transport, but classical parallel transport. Also, neutrals are handled with 
Monte Carlo computer codes which include two-dimensional geometry, atomic 
processes, sputtering, etc. The key results obtained from the various studies were 
as follows. Post (E-II-5-1) showed that for INTOR-scale devices a divertor is better 
than a pumped limiter, primarily to reduce erosion of material surfaces. Braams 
(E-II-5-3) showed that INTOR-type divertors can have Te £ 30 eV at densities 
ne ^ 2 X 1020 m~3 and modest helium gas pumping requirements. Igitkhanov 
(E-II-5-2) showed that for ASDEX plasmas outside the divertor separatrix Te 

can be less than 10 eV for ne > 3 X 1018 m~3. Lackner (A-\M) emphasized that 
non-local parallel electron heat conduction may be important in modelling 
ASDEX plasmas. Finally, Azumi (E-II-5-4) showed that JT-60 plasmas can have 
a high-recycling, low-Te divertor for ne > 1020 m~3. 

A related issue is how divertors allow the H-mode of operation, which has 
improved plasma confinement in neutral-beam-heated tokamak plasmas. Three 
possible contributory phenomena were proposed by Hinton (E-I-l): neoclassical 
transport within a banana width of the separatrix; electrostatic thermal barrier 
effects along open magnetic field lines; and enhanced tearing mode stability due 
to current profiles with pedestals at the separatrix. 

3. OPEN CONFINEMENT SYSTEMS (TANDEM MIRRORS) 

Since the introduction of the tandem mirror concept at the 1976 IAEA 
meeting [8], most open confinement system research has become focused on 
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tandem-mirror-type configurations. A number of theoretical issues for these 
configurations were discussed at this Conference. The paper by Cohen (C-I-5) 
presented six such topics, including: (1) reduction of central-cell parallel currents 
and resultant flux surface distortions through finite-Larmor-radius (FLR) effects 
on MHD equilibria; (2) the 'residual' neoclassical transport due to collisional 
boundary layer effects; and (3) inclusion of FLR, rotation and wall effects on 
low-mode-number (m = 1,2,...) MHD instabilities. 'Robust' stabilization of possible 
tandem mirror MHD instabilities through a combination of FLR effects (to force 
only m = 1 to be unstable) and wall stabilization (of m =1) was proposed by 
Berk (C-II-2). The latter paper also discussed new developments in trapped-particle 
modes, including collisional effects. Various aspects of using radiofrequency 
waves to 'pump' thermal barriers in tandem mirrors were also discussed [Post (C-I-4)]. 

One other paper on open confinement systems was that by Ryutov (C-II-1) 
in which he proposed shortening of the collisional (X < L) gas-dynamic trap 
reactor concept through the use of multiple cells, but found that such a reactor 
would still be rather long (<2000 m). 

4. STELLARATORS 

As stellarator experiments have matured over the past few years and produced 
confinement properties second only to those of tokamaks, more theoretical 
effort has been directed toward them. A number of significant stellarator 
theoretical studies were reported at this Conference. First, a new flexibility for 
stellarator configurations was demonstrated by Carreras (E-I-4-1), who showed 
through numerical calculations that the rotational transform profile could be 
controlled, as (3 increases, with careful programming of the various harmonic 
components of the vertical-field system. More generically, this study showed that 
stellarator experiments can be designed to explore a range of magnetic characteristics 
(magnetic well, shear, transform, etc.) rather than just be limited to one set 
determined in the original construction. Such control may be useful, for example, 
to influence the m/n =1/1 high-(3 interchange modes that were sometimes 
observed, in accord with theory, to presage an internal-disruption-like phenomenon 
in the Heliotron-E experiment (D-I-2). 

One major theoretical development reported at this Conference was the 
extension of the stellarator expansion (or averaging) method of analysis of MHD 
equilibrium and stability to helical axis systems [Carreras (E-I-4-1); Johnson 
(E-I-4-2)]. Another major development was in clarifying the ideal-MHD require
ment that the radial pressure gradient vanish at all rational surfaces in the non-
axisymmetric stellarator. Namely, Kotschenreuther (E-II-9) showed that for a 
finite pressure gradient at a rotational surface, the magnetic topology splits into 
a local magnetic island structure whose width is negligibly small for a magnetic 
well, but is large, grows with /?, and easily overlaps adjacent islands for a 
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magnetic-hill configuration. Related finite-/? effects on the structure of stellarator 
magnetic fields were also discussed in the paper by Johnson (E-I-4-2). A third 
major development was in techniques for determining the radial electric field Er 

that is self-consistent with the neoclassical radial transport. Here, Shaing (E-III-6) 
showed: (1) how inclusion of Er diffusion from viscosity-type terms can resolve 
local jumps in Er; and (2) that fluctuations in Er can drive the system to a lowest 
generalized entropy production rate state that may not be directly related to the 
initial conditions. 

Comparisons of radial transport in the Heliotron-E and W-VIIA experiments 
with (axisymmetric plus helical) neoclassical transport theory for stellarators showed 
that, while the transport is close to neoclassical over the central two-thirds of the 
plasma radius, the outer third is apparently anomalous [Kovrizhnykh (E-I-5); 
Wilhelm (D-I-5); Weller (D-IV-5)]. Finally, Wobig (H-II-4) showed that modular 
stellarators are feasible from a power balance point of view when the transport 
losses are assumed to be neoclassical. 

5. REVERSED-FIELD PINCH 

As diagnoses of the reversed-field-pinch (RFP) experiments have improved 
over the past decade, it has become increasingly clear that turbulent processes play 
an important role in these plasmas. Thus, much of the RFP theory at this 
Conference concentrated on non-linear and turbulent processes. 

The possible role of the non-linear phase of a single-helicity kink instability 
in the self-reversal process was explored by Sato (D-H-4-1). The paper by Krall 
(D-IV-3) suggested that current-driven drift wave instabilities can give rise to 
anomalous transport, magnetic fluctuations, and a low level of magnetic 
stochasticity. More generally, the latter paper also introduced the concept of a 
non-local Ohm's law due to the significant radial diffusion of electrons in a collision 
time, because of the high level of magnetic stochasticity in RFPs. The paper also 
showed how a non-local Ohm's law could play a significant role in the maintenance 
of the field-reversed region dynamo effects in the RFP. 

Fully three-dimensional MHD computer codes are being developed and 
increasingly relied upon to model the non-linear turbulence processes in the 
RFP [DiMarco (D-II-2); Bodin (D-II-3)]. The general theoretical concepts developed 
from these codes are that: (1) in the central region many MHD modes with 
m = 1, but n « 5—20 non-linearly interact to produce a stochastic magnetic core; 
and (2) in the outer, reversal region strong beating of the m = 1 modes with the 
m = 0 modes can lead to a long-timescale oscillatory behaviour of the magnetic field 
at high 6 which is analogous to the sawtooth-like behaviour sometimes observed 
in these discharges (D-II-2). 

The most ambitious attempt to date to develop detailed models of 
turbulent processes in RFPs was presented by Diamond (E-III-10). The main 
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thrust of the paper was to utilize analytic turbulent renormalizations of the 
resistive MHD equations to model the turbulent processes and compare the results 
with those obtained from computer calculations. The model proposed for the 
central core is one of a current filamentation cascade in which tearing modes with 
say, m/n = 1/10, drive 2/19, 2/21 damped modes, which drive m = 3 modes, etc., 
until there is ultimately resistive dissipation at short scalelengths. The mechanisms 
by which this process can redistribute the magnetic energy and current density to 
produce the dynamo effect were also discussed. In the edge region resistive-g 
(gravity) mode turbulence is invoked and its non-linear state found to be describable 
by a mixing-length-type approach, as was possible for resistive ballooning mode 
turbulence [7]. The magnetic stochasticity, anomalous transport and confinement 
scaling produced by these modes in an RFP were also estimated in this paper by 
Diamond (E-III-10); similar final scaling results were obtained by Taylor (E-I-2) 
from scale invariance properties of the underlying equations (see Section 2C above). 
Both estimates indicate a maximum j8 scaling of about (me/m01/6 for RFPs. 

6. OTHER CONFINEMENT CONCEPTS 

In the other confinement concepts discussed below, only one or two theory 
papers were presented, usually on a critical issue for the particular concept. 

6A. Elmo Bumpy Torus (EBT) 

A critical part of the EBT concept is the electron cyclotron heating (ECH). 
Hedrick (D-IV-4) showed that in EBT the ECH waves are strongly attenuated 
before they reach the resonance region, because of the wave damping inherent 
in the heating process. Further, it was shown that in the normal EBT mode of 
operation where the cyclotron resonance is tuned near the magnetic mirror 
throat, the ECH 'pumps' electrons into a nearby velocity-space loss region (due 
to the lack of confinement of 'transition' particles). The proposed cure for this 
loss process is to reconfigure the device into an Elmo Bumpy Square (D-IV-4). 

6B. Field-reversed configuration (FRC) 

Suppression of the important n = 2 MHD instabilities was demonstrated from 
a hybrid simulation code taking into account the square-shaped plasma cross-
section due to an added quadrupole field [Siemon (D-III-2)]. This result seems 
to be in agreement with experimental results from FRCs. 
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6C. Spheromaks 

Numerical calculations were presented which showed that a resistivity profile 
causes the n = 2 toroidal mode to be unstable and to drive the spheromak away 
from a toroidally symmetric minimum energy state [Jarboe (D-III-1)]. Also, 
stabilization of these n = 2 modes through the addition of a large orbit ion ring 
component was proposed [Lovelace (I-I-3)]. 

7. WAVE HEATING STUDIES 

A large number of papers (16) were presented at this Conference on various 
aspects of wave heating of magnetically confined plasmas. Developments reported 
in the various wave frequency ranges are briefly noted below. 

7A. Alfvén wave (oo < Í2j) 

In this low-frequency range, which is just beginning to be tested experimentally, 
wavelengths are long and global geometry effects can be significant. In this 
regard, toroidally induced side harmonics were calculated analytically [Kirov 
(F-IV-8)] and a fully toroidal numerical model of the wave structure was shown 
to agree reasonably well with Tokapole-II Alfvén wave mode structure experiments 
[Taylor (F-IV-1)]. 

7B. Ion cyclotron range of frequencies (co ^ Í2j, 2 Í2j) 

Heating in the ion cyclotron range of frequencies (ICRF) has been investigated 
theoretically and experimentally for over twenty years and up to the multi-MW 
level. Thus, it is a relatively well developed subject. A new idea advanced by 
Yamamoto (F-IV-10) for its generation was through multiple-pulse neutral-beam 
injection (NBI) to induce ICRF waves which might penetrate to and be damped 
in the plasma core, thereby enhancing central ion heating. General studies of 
propagation and coupling efficiency, including a particle simulation of second-
harmonic ICRF, were presented by Itoh (F-III-4). Also, an analytic calculation of 
the perpendicular energetic ion distribution for fundamental ICRF with v|| = 0 
was presented by Tennfors (F-IV-2). Finally, the possibility of enhanced fast 
magnetosonic wave absorption in stellarators due to frequency sidebands arising 
from the rippled magnetic field was discussed by Kovrizhnykh (F-IV-7). 

7C. Lower hybrid heating and current drive (w < copi) 

Recently, lower hybrid frequency range studies have concentrated on driving 
currents in tokamak plasmas. A detailed theory for the efficiency of current drive 
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taking into account both wave momentum input and Coulomb collisional effects 
was found to correlate quite well with experimental results from PLT for varying 
ratios of the wave phase velocity to runaway velocity [Motley (F-II-2)]. Utiliza
tion of this current drive scheme for the current ramp-up phase of tokamak 
discharges was proposed [Perkins (F-III-1 )] at this Conference. In addition to 
modelling work presented in these two papers, there were a number of other 
papers modelling various effects of the n|| spectra and their effects on current drive 
[Appert (F-HI-5-1); Tonon (F-III-5-2); Dawson (F-IV-9)]. Finally, ponderomotive-
force [Cannobio (F-III-5-3)] and stochastic-magnetic-field [Parail (F-IV-5)] effects 
on lower hybrid heating and current drive were discussed. 

7D. Electron cyclotron heating (co « £2e) 

Electron cyclotron heating (ECH) is also a relatively well developed area, but 
has been limited mostly by the rate of development of high-frequency, high-power 
sources. The possible efficiency (about 3 to 10%) and saturation processes for a 
Doppler-shifted gyroton were estimated from a particle simulation code 
[Dawson (F-IV-9)]. Also, ray-tracing studies for wave propagation and energy 
deposition in real experimental stellarator geometries have been carried out 
[Motojima (F-I-4); Wilhelm (D-I-5)]. Finally, as noted in Section 6A above, studies 
of ECH wave attenuation and 'pumping' of particles in the EBT were reported at 
this Conference [Hedrick (D-IV-4)]. 

8. GENERAL THEORETICAL TOOL DEVELOPMENTS 

More general theoretical papers presented at the Conference which were not 
specific to a confinement scheme were as follows: The development of a guiding-
centre computer simulation code which reproduces drift wave turbulence properties 
obtained from the much slower gyro-orbit following codes was reported [Tang 
(E-III-8)]; this will hopefully lead to more efficient simulation codes. In the 
resistive MHD area, Lortz (E-III-11) provided an analytic evaluation of resistive 
spectra for a shearless magnetic field in the limiting case where the resistivity tends 
to zero; this may facilitate development of better procedures for calculating 
weakly growing resistive modes. Finally, the weak diffusion that occurs in 
Hamiltonian systems as the KAM surfaces just begin to be broken up was quantified 
by Meiss (I-I-7); this should make possible calculations of diffusion properties 
near the transition to globally stochastic behaviour. 

Further, some papers mentioned previously which developed new theoretical 
tools that have potentially broader use than their specific confinement scheme 
application were as follows. The plasma edge modelling (Section 2D) and three-
dimensional MHD (Section 4) codes are becoming progressively more realistic and 
broadly applicable. Modified energy principles to take account of an energetic 
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plasma component were developed for tokamaks [Chen (E-II-1)], tandem mirrors 
[Berk (C-II-2)], and FRCs [Lovelace (I-I-3)]. Somewhat general turbulence models 
were developed for tokamaks and RFPs [Taylor (E-I-2); Kadomtsev (E-II-2); 
Diamond (E-III-10)]. The stellarator expansion was extended to helical axis 
systems [Carreras (E-I-4-1); Johnson (E-I-4-2)]. New procedures were developed 
for determining the self-consistent radial electric field in non-axisymmetric 
toroidal plasmas [Shaing (E-III-6)]. Finally, resolution of the rotational surface 
degeneracies in non-axisymmetric toroids through spontaneous magnetic-island 
formation was demonstrated [Kotschenreuther (E-III-9)]. 

9. CONCLUSIONS 

In view of the new understanding and theoretical tools developed at this 
Conference and the ever-improving experimental diagnoses of magnetically confined 
plasmas, at the next biennial IAEA Conference we can look forward to: 
(1) increasingly detailed comparisons of theory with experiment on dynamic 
variations (in addition to the equilibrium or macroscopic states) of plasmas; and 
(2) development of new avenues for extending present plasma performance 
beyond present limitations, which will, of course, be paced by our rate of increased 
understanding of the underlying science. 
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SUMMARY ON 
INERTIAL CONFINEMENT FUSION* 

S. WITKOWSKI 
Max-Planck-Institut fur Quantenoptik, 
Garching, 
Federal Republic of Germany 

Since their inception, the IAEA Conferences have been the main forum for 
exchanging ideas and evaluating the status of the world effort in controlled thermo
nuclear fusion. Fusion research was essentially magnetic confinement in the early 
years. Then, in the 1970s, the concept of inertial confinement emerged as a new 
promising line towards a fusion reactor. A number of major programmes were 
set up in the following years, and contributions to the physics and technology 
of inertial confinement fusion (ICF) also appeared in this series of IAEA 
Conferences. ICF activities grew fast, and impressive progress has been achieved 
in a relatively short time. Now, the extent of the worldwide effort in ICF is 
approximately 20% of that in magnetic confinement. But only 3 out of 27 sessions 
are devoted to inertial confinement. 

Unfortunately, some of the recent results are apparently being withheld, 
owing to the restrictive classification policy of some countries. A summary of 
ICF as presented at this Conference does not, therefore, necessarily reflect the 
present state of the art in this field. Nevertheless, the papers given here do 
demonstrate the great progress in experimental technology and understanding of 
physics achieved in this field in the last two years. 

1. LASER FACILITIES 

Since the last IAEA Conference in Baltimore, three new laser facilities have 
become operational. The largest of these is GEKKO XII, the 12-beam Nd-
phosphate glass laser of the Institute of Laser Engineering, Osaka University, 
Japan (B-I-l). The maximum energy output is 30 kJ in 1 ns, the maximum power 
50 TW in 100 ps pulses. The 35-cm-diameter beams can be frequency-doubled 
and are used for experiments in two target chambers with different geometries. 
The shot repetition frequency with good beam quality (10 jurad) is one every 
three hours. 

* This summary talk was also published in Nucl. Fusion 25 2 (1985) 205. 
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Livermore's NOVETTE Nd-glass laser was assembled in the record time of 
about one year (B-I-2). The two 74-cm-diameter beams deliver 18 kJ in 1 ns 
pulses. They can be converted into green (9 kJ) and UV (3 kJ) light by novel mosaic 
arrays of KDP crystals. The immense progress in laser technology may be 
judged from the fact that the relatively compact two-beam NOVETTE delivers 
nearly twice the energy of its 20-beam predecessor SHIVA but just needs less 
than half the manpower to operate. 

The 100 kJ NOVA facility under construction at Livermore will be completed 
in the autumn of 1984 (B-I-2). It contains 10 NOVETTE-type arms and is 
designed to produce more than 100 kJ at 1.05 fjtm, and about 70 kJ at the second 
or third harmonic. Fusion conditions of 500 to 1000 times liquid density with 
the formation of a hot spot for ignition are expected to be achieved with 
this facility. 

No report is given on the ANTARES C02 laser now in operation at Los 
Alamos National Laboratory. It delivers its maximum energy in 30 kJ/1 ns pulses 
in two bundles of 12 single beams. The efficiency is 2% and the shot repetition 
rate 1 per 10 minutes, and there is still potential for further improving these 
values. The technology could be scaled to a reactor-size driver if the problems of 
fast-electron generation in beam-target interaction at these long wavelengths 
(10.6 nm) could be overcome by some new scheme (see e.g. B-II-4). 

Most of the other laboratories report on the extension of the operational 
regime of their laser systems to shorter wavelengths by frequency conversion and to 
higher energies. There are now a great number of routinely operating medium-
size facilities available outside the big laboratories for laser fusion studies in the 
relevant parameter regimes. 

2. PARTICLE BEAM FUSION 

Whereas in laser fusion the main interest has shifted away from laser 
technology to plasma physics, in the field of particle beam fusion most of the 
work is still concentrated on the driver. 

Pulse energies of more than 200 kJ have already been achieved in light-ion 
beam diodes, but the principal concern in this technique is power concentration in 
space and time. In a joint paper of Sandia, NRL and Cornell University (B-II-1), 
it is reported that a proof-of-principle experiment on ion beam focusing in 
Pro to I (a 20 kJ ion beam diode) and theoretical stability studies indicated that a 
power density of the order of 100 TW • cm-2 — sufficient to study ignition — 
should be achievable with the 3 MJ PBFA II Particle Beam Fusion Accelerator 
scheduled for completion in 1986, Progress in fast-opening switches at NRL 
(5 MA interrupted in less than 20 ns at 30 MV) will allow PBFA II to operate with 
a voltage of 30 MV and to use lithium ions instead of protons (B-II-1 ). For 
investigation of the phenomena inside the diode spectroscopic methods have been 
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developed at Cornell University to measure the electric field and beam divergence 
(B-II-1). 

An interesting paper of the Laboratory for Laser Engineering, Osaka 
University (B-II-2), reports progress on increasing the beam brightness up to 
2 X 1014W-cm~2rad~2 and pulse compression down to 20 ns. First experimental 
results on beam transport in channels with return currents are promising. Basic 
investigation on ion sources, acceleration and transport of medium-mass ions are 
also being performed at the Technical University of Nagaoka and Tokyo Institute 
of Technology (B-II-2). 

The only paper on relativistic electron beams is from a group in the Peoples 
Republic of China (B-III-9). They measured the interaction of REB with different 
foil targets and found essentially no enhanced absorption, in contradiction to 
earlier results from other laboratories. 

Heavy-ion accelerators offer a number of potential advantages as driver for an 
ICF reactor. A research programme on heavy-ion accelerator physics and 
technology was established in 1983 in the USA (B-II-3). It concentrates on those 
features of HIF that are not addressed by the laser and pulsed-power fusion 
programmes. The main topics are: development of multiple-beam induction 
linacs, beam transport and focusing, and beam-target interaction experiments. 
Experiments on beam transport in the presence of defocusing space charges have 
shown that the stable region extends to much higher currents than was thought 
possible previously. This programme is complementary to activities in the 
Federal Republic of Germany that concentrate on the physics and technology of 
HF linacs and the basic physics of phenomena in high-current beams and their 
interaction with targets. 

3. LASER-PLASMA INTERACTION 

The advantages of short wavelengths for laser fusion have already been 
emphasized at the last Conference. High-efficiency conversion of infra-red light 
into the 2nd, 3rd and 4th harmonics by non-linear crystals has made it possible to 
perform interaction experiments down to a wavelength of 0.26 /xm to study the 
wavelength dependence of essential parameters and collect reliable data on the 
higher absorption, smaller number of hot electrons and higher hydrodynamic 
efficiency, but also on the higher sensitivity to illumination non-uniformities. These 
problems are, to a certain extent, addressed in nearly all ICF papers at this 
Conference. 

The increase of total absorption at shorter wavelengths has been confirmed 
for different targets and intensities by measurements in plane (B-I-2) and 
spherical (B-I-4) geometry. Absorption of between 80 and 100% is reported at 
intensities below 1015W-cm~2 with the higher harmonics of the Nd laser. 
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Detailed investigations of laser-plasma instabilities such as stimulated Brillouin 
scattering (SBS), stimulated Raman scattering (SRS) and two-plasmon decay 
(TPD) have been performed at several laboratories, with the emphasis on shorter 
wavelengths. It was found that fast-electron production is strongly correlated to 
SRS (B-I-2; B-III-4) or TPD (B-I-4). But the fraction of energy in these fast 
electrons is very small (10 -4 at 0.35 fim and intensities <1014W-cm~2) and tolerable 
for high-density compression. Furthermore, theoretical predictions (B-I-5) show 
that these plasma instabilities saturate at higher intensities. Confirmation of this 
was found in experiments at 0.35 ¡xm (B-I-4), where the fraction of energy in hot 
electrons increased up to 10~3 at 6 X 1014W-cm~2 and remained at this value at 
higher intensities. Investigations of such instabilities in plasmas of extended scale 
length (100 to 1000 X) as performed with NOVETTE (B-I-2) are of special interest 
for extrapolations to reactor-size targets. Experiments with cannonball targets 
where laser light was fed into a cavity through small holes a few 100 fim in diameter 
showed absorption of up to 80% of the incident energy (B-I-l), even at a 
wavelength of 1 jum. 

It is now generally accepted that there is inhibition of the electron heat flux 
at intensities larger than 1014W-cm~2 with 1 (im light. Such inhibition also seems 
to be present at 0.35 /xm. A self-consistent 2-D model developed at NRL showed 
that ablation-layer-generated magnetic fields could be the mechanism responsible 
for this thermal flux inhibition observed in the experiments (B-III-3). 

Three papers — from Osaka (B-II-4), Moscow (B-II-5) and Warsaw (B-II-8) -
deal with the interaction of 10.6 ¿xm radiation with targets. In the Osaka experi
ment, the C02 laser irradiated a modified cannonball target. This resulted in an 
electron distribution with a cut-off high-energy tail. It is suggested that this 
scheme might give a lead towards overcoming the difficulties caused by the high-
energy electrons and by using C02 lasers for high-density compression. Theoretical 
analysis of previous C02 experiments suggests that preheating by fast electrons may 
be less serious in reactor-size targets (B-II-5). The anomalous effects governing 
the 10 /xm laser-plasma interaction at low intensities (10 n W-cm"2) are correlated 
with weak turbulence (B-III-8). 

4. HYDRODYNAMICS 

Homogeneity of illumination has emerged as one of the crucial problems of 
laser fusion. When infra-red laser radiation is used, lateral heat conduction has a 
smoothing effect that leads to sufficiently homogeneous pressure distribution at 
the ablation front. The use of short-wavelength lasers, with all the advantages 
mentioned before, has, however, the serious drawback that lateral smoothing is 
greatly reduced. 

A number of ways are being pursued to overcome this problem. The first one 
is to use as many high-quality beams as possible to achieve spherically symmetric 
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illumination. The people at Rochester are following this line with their 
OMEGA 24-beam laser. Detailed studies have been made on illumination symmetry, 
and experiments with six beams, at present converted to 0.35 /mi, demonstrate 
the success of this effort (B-I-4). A 12-beam Nd facility converted to green light 
(0.53 jum) has been constructed at Rutherford Laboratory in England. Systematic 
studies have been performed on the effect of inhomogeneities of illumination on 
the acceleration of foils and the compression of spherical targets (B-I-3). With 
the best uniformity and a laser energy of only 300 J in six beams, plastic shells 
have been compressed to densities in excess of 10 g-cm-3. 

There are, however, practical limitations to the uniformity that can be reached 
in this way. Owing to the coherence of the laser beam, interference patterns on 
the target cannot be avoided, in principle. NRL has invented a scheme, called 
induced spatial incoherence, to overcome this problem. Each laser beam is trans
formed into a bundle of incoherent beamlets by a set of reflecting echelons. 
Focusing this bundle results in an irradiation profile that is smooth when averaged 
over many coherence times (a few picoseconds). 

The problem of Rayleigh-Taylor instabilities during the acceleration and 
compression processes is intimately connected with the illumination (and target 
uniformities) just mentioned. Investigations in this field have been performed at 
Limeil (B-I-5), Rutherford (B-I-3) and NRL (B-III-6). High-resolution 2-D hydro-
dynamic simulation has yielded growth rates that are a factor of two to three smaller 
than the classical value. These results are supported by experiments at 1.06 jum 
(B-III-6) and at 0.53 [xm (B-I-3). 

Laser fusion studies with UV light (the 4th harmonic of Nd at 0.26 jum) 
are of special interest because this wavelength is close to that of the KrF laser, a 
potential reactor laser. The systematic work at Ecole Polytechnique (B-lllA) 
in this field is being continued. The expected higher hydrodynamic efficiency, 
higher ablation rate and pressure, but also the higher sensitivity to illumination non-
uniformities is observed in plane and spherical geometries. Maximum pressures 
of 400 Mb have been reached in colliding-foil experiments. Results at 0.26 /¿m are 
also reported by the group from the Electrotechnical Laboratory at Tsukuba, 
Japan, where essentially plane targets were used (B-III-5). 

The other method of overcoming the problems associated with the need for 
uniform illumination are 'indirectly driven' pellets in contrast to directly irradiated 
pellets: the laser radiation is first converted to soft X-rays that fill a cavity forming 
a Planck radiation hohlraum. The fuel pellet is placed in this cavity and ablated 
by the completely incoherent and isotropic hohlraum radiation. The Radiation 
Cannonball of Osaka is such an indirectly driven target (B-I-l ). It consists of a 
large spherical cavity containing a smaller fuel pellet at its centre. The laser beams 
enter the cavity through two, four or more holes. They hit the inner surface of 
the large cavity wall and are there converted into X-rays. The incoherent X-rays 
fill the cavity and uniformly ablate the fuel pellet before the plasma formed at the 
wall has filled the cavity. 
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High X-ray conversion efficiencies — up to 80% at a wavelength of 0.26 /urn 
on gold — are achieved. Data on these efficiencies — relevant for indirect drive 
but also of interest for potential X-ray lasers — are given in papers by Osaka 
(B-I-l), Limeil (B-I-5) and Livermore (B-I-2). 

The Cannonball target proper originally proposed by the Osaka group several 
years ago is now called Plasma Cannonball. It has basically the same structure as 
the Radiation Cannonball but a smaller cavity. The plasma produced by laser 
beams entering through the holes fills the cavity and its pressure drives the 
implosion of the centre fuel pellet. Experiments with both types of Cannonball 
targets were performed at Osaka with 1.05 jum. Up to 80% of the laser energy was 
deposited in the cavity. The hydrodynamic efficiency was 10% and good 
compression uniformity was achieved. With DT fuel 4 X 1010 neutrons and a DT 
core density of 10 g-cm-3 were measured (BT-1). 

5. NUMERICAL CODES AND REACTOR STUDIES 

A great variety of one- and two-dimensional codes to simulate compression, 
ignition and burn of fusion pellets are now available in the different laboratories. 
Explicit reports are given by the Osaka group (B-III-1) and the group from the 
Technical University of Madrid (B-III-2). Both groups report in some detail 
on further improvement and extension of their codes that are used for the analysis 
of experimental results, for target design and for extrapolation of present 
knowledge towards reactor concepts (B-III-1). Examples of calculated spectra, 
energy gains and ignition conditions are given. 

A paper from Karlsruhe (H-II-2) shows that neutron absorption in reactor-
size fuel pellets has to be taken into account. It lowers the gain and changes the 
neutron spectrum at the first wall. 

In another theoretical study the performance of large-aperture KrF lasers 
for fusion is investigated. Intrinsic efficiencies of more than 14% seem to be possible 
(B-III-10). This work confirms the position of KrF as a prime candidate for the 
next generation of ICF facilities or even for a reactor. 

In the contribution from Livermore it is emphasized that the predictions for 
the laser energy required for the reactor (a few MJ) have not changed during the 
last five years. The use of polarized fuel, however, could essentially reduce this 
value. Reduction by a factor of three, assuming a constant fuel burnup, seems to 
be possible. 

Finally, we should like to mention that there are a great number of new or 
perfected diagnostic techniques described in the various experimental papers which 
could not be mentioned here. However, they also demonstrate the enormous 
progress achieved in this field in the last few years. 
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• Magnetic Confinement 
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FIG.l. Lawson diagram showing the product of density n and confinement time r versus 
the temperature achieved in some magnetic and inertial fusion devices. 

6. CONCLUSIONS 

We should like now to sum up the progress achieved since the last Conference 
as follows: 

1. Fusion-laser technology has matured in the last few years. Facilities with 
energies and powers of up to 30 kJ and 50 TW, respectively, are routinely 
operating. Wavelengths down to the UV region are available through 
frequency conversion with high (up to 70%) efficiencies. 

2. The advantages of shorter-wavelength lasers (<1 jum) for ICF, i.e. higher 
coupling efficiency and reduction of fast electrons by orders of magnitude, 
have been experimentally confirmed in many laboratories and in a wide 
spectrum of conditions. 

3. Since uniformity of illumination is a crucial requirement at shorter wavelengths, 
new ways have been devised and experimentally tested to achieve a uniform 
energy distribution on the target, sufficient for high-density compression of 
direct-drive high-aspect-ratio pellets. 

4. There are theoretical and experimental indications that the growth rate of 
Rayleigh-Taylor instabilities is smaller (by a factor of two to three) than that 
derived from the simple classical model, especially at shorter wavelengths. 
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5. Experiments with Cannonball targets at Osaka have shown high coupling 
efficiencies and symmetry of compression. It is expected that the high-Z 
tamper may reduce the laser energy required for ignition to values below 
100 kJ. 

6. The diagnostic methods have reached a high degree of sophistication and 
perfection. Extensive 1-D and 2-D simulation codes are now available in 
many laboratories. The codes have become much more realistic by 
introducing detailed physics. The use of polarized fuel essentially reduces 
the energy required for the reactor. 

7. Progress has been made in energy concentration both in space and time, in 
the field of light particle beam fusion. The power densities realized have 
reached the threshold of relevance for fusion. 

8. A new programme on the specific problems of heavy-ion beam fusion has been 
established in the USA. This programme concentrates on induction linacs. 
First results on high-current beam transport are encouraging. 

9. The Lawson diagram (Fig.l) has always been a simplified but convenient way 
of demonstrating the progress in fusion. In the figure, nr values achieved 
in a number of devices are plotted versus the temperature. Full dots refer to 
tokamaks and stellarators. Hatched dots indicate results from laser fusion 
experiments in Livermore and Osaka. The dotted areas are envisaged with 
extended facilities in the near future. 

No conclusions on the best way towards a reactor can be drawn from this 
diagram. This will finally be decided by technological and economic aspects. 
But this diagram can demonstrate that ICF and MCF are working in a similar regime 
of confinement parameters now no longer very far from the final goal. 
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SUMMARY ON 
TECHNOLOGY AND REACTOR CONCEPTS* 

E.P. VELIKHOV 
USSR Academy of Sciences, 
Moscow, 
Union of Soviet Socialist Republics 

The Tenth International Conference on Plasma Physics and Controlled 
Nuclear Fusion Research, like previous conferences, considered a fairly mixed 
bag of topics relating to technology and reactor concepts, many of which had 
also been discussed at various other international and national conferences and 
symposia. At the same time, a number of problems fundamental to the develop
ment of the international thermonuclear research programme were raised and 
discussed. The first problem was that of selecting the design of devices suitable 
for studying plasma physics under conditions involving the release of significant 
amounts of thermonuclear energy and of devices on which the achievement of 
thermonuclear ignition could be guaranteed and the physics of self-sustaining 
plasma burn studied. The second problem was the development of reactor design 
concepts, primarily on the basis of the tokamak, with a view to increasing their 
technical and (relative) economic attractiveness for power generation. 

The technological basis of thermonuclear research on which further progress 
towards the technological demonstration stage will depend has advanced con
siderably during the last two years. The main developments have been the 
completion and successful startup of the JET and TFTR tokamaks, which are 
similar in size to INTOR; the assurance that these devices can operate in a 
self-sustaining regime; and the establishment and standardization of a range of 
necessary techniques for sustaining this regime. The successful trials of the 
niobium-tin alloy superconducting coils for the T-15 constitute a major step 
forward. However, these results were not discussed in detail at the conference. 

Papers on two very important technological achievements were presented 
at the Conference — the improvements in neutral-beam injectors (NBI) for 
plasma heating in large tokamaks (H-I-5-1, H-I-5-2) and in the technology for 
obtaining short pulses («* 10 ns) with voltages of some tens of megavolts for 
producing light-ion beams (B-II-1). 

The main improvement in neutral-beam injectors is the increase in proton 
yield of the ion source to 90% (86% in the JET prototype (H-I-5-1) and 90% at 
JAERI (H-I-5-2)), which means that a controlled volume release of the beam 

* This summary talk was also published in Nucl. Fusion 25 2 (1985) 205. 
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energy in the plasma can be guaranteed and the influx of impurities from the 
chamber walls can be reduced. High unit powers have been obtained 
(80 kV X 60 A for JET) during a virtually steady-state operating regime of up 
to 17.5 s for JET and 10 s for JAERI. High homogeneity, stable switching, 
operation at low gas pressure in the chamber (2 — 3 mtorr) and small beam 
divergence (about 0.5° at 80 kV for JET) have been achieved. As is well known, 
in the case of injection into large tokamaks, the negative-ion beam has consider
able advantages, particularly for economic operation. An important step towards 
obtaining a long-lived negative-ion source is the establishment, in the Culham 
laboratory, of a pure hydrogen source with a high H"/H+ ratio ( > 60%), a beam 
density of about 10 mA • cm"2 and electron fractions of ~ 10% based on the 
technology of filter-type magnetic fields. Development of a 10 A source, also 
using pure hydrogen, was reported. Thus we can conclude that the neutral-beam 
injection techniques have been developed to such an extent that the technological 
demonstration stage should be possible (e.g. in INTOR). At the same time 
considerable progress has been made in applying powers of about 1 MW for 
electron cyclotron heating (T-10) (F-I-l) and 3 MW for ion cyclotron heating 
(TLT) (F-I-2); this is adequately reflected in the choice of methods for heating 
in Phase Two A of the INTOR project (G-I-4). 

In the field of inertial confinement, there have been major advances in the 
technique for obtaining light-ion beams. The objective is to achieve an energy 
density of about 150 — 200 TW • cm"2 on the target, and it is planned to do this 
on the PB FA II device (Sandia, USA) (B-II-1). At present, a beam divergence 
of about 12 mrad has been obtained for the nominal anode current density. 
Since it is assumed that instabilities are more dangerous at higher current densities, 
this experiment can be regarded as proving in principle that focusing is possible. 
Since 1977, the beam radius in the diode has been reduced from 12 mm to 
0.65 mm. 

On the PBFA II device the problems due to diode impedance variation as a 
result of plasma shortening and beam focusing are to be overcome by using higher 
voltages (about 30 MV) and heavier ions such as lithium. With such high voltages, 
the lithium source must have a high purity ( > 90%) in order to avoid initial over
heating of the target. Research results were presented at the Conference on fast 
opening plasma switches yielding double the voltage at NRL (B-II-1) and a voltage 
increase by a factor of 2.5 with 70% efficiency at ILE (B-II-2), which is enough 
for the purpose. An efficiency of 50-60% has been achieved for lithium sources 
with LiF and glow-discharge cleaning. The use of spectroscopic techniques (B-II-1) 
for measuring energy and transverse ion velocity has made it possible to study 
diode physics in greater detail. A divergence of about 9 mrad has been obtained 
for A++ and C++ ions. These results give grounds for hoping that the objective set 
( > 150 TW • cm"2) will be achieved in the programme on the use of light-ion 
beams for thermonuclear target ignition. Of course, other thermonuclear driver 
techniques have been developed during the last two years — glass lasers have been 
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improved, and encouraging results have been obtained with the KrF excimer 
laser and in several other fields. However, these were not discussed in detail at 
the Conference. On the whole, the selection of the optimum driver for an inertial 
thermonuclear reactor remains an open question. 

The next question is the possible experimental basis for studying a plasma 
with significant thermonuclear heat release in the late 1980s. It is obviously very 
important to find ways of obtaining the necessary information more cheaply than 
at the two largest tokamaks, JET and TFTR. There is no doubt that hot plasma 
physics needs to be studied in detail since we have sufficient evidence to show how 
radically the plasma density and temperature profiles affect transport processes. 
Therefore, it is desirable to find ways of conducting the experiment with lower 
capital expenditure, with direct access facilities and with less tritium consumption. 
Two proposals were discussed at the Conference. One was to gain direct access 
by reducing activation of the device through the use of aluminium as a basic 
construction material. Research carried out by the Institute of Plasma Physics at 
Nagoya University (H-II-3) shows that this makes it possible to reduce the level of 
activation by three orders of magnitude compared with tokamaks made of con
ventional materials. It was also proposed to make use of the stabilizing properties 
of an aluminium vacuum chamber, serving as a conducting shield, in order to 
obtain a plasma of optimum shape with maximum j3 value and, also, to combine 
neutral injection with ion heating at the third and fourth harmonics of the ion 
cyclotron frequency. 

Another approach was suggested by the I.V. Kurchatov Institute of Atomic 
Energy (A-0), namely to use a fairly small tokamak with a field at the axis of 
up to 12 T and adiabatic compression. In such a device the volume of a plasma 
compressed and heated to about 7 keV should be about 130 litres, i.e. more than 
three orders of magnitude less than in large tokamaks. This means a reduction by 
two orders in the number of particles and in the neutron yield for the same 
degree of burn, as well as a corresponding reduction in tritium consumption. 
Of course, the cardinal role is then played by the energy source, which in this case 
is an accumulator with an energy of ~ 1 GJ and a power of more than 13 GW. 
However, this concept allows changes to be made in the experimental devices 
themselves which would be comparatively cheap. 

It can be shown that the nr is proportional to the total input of energy 
into the tokamak and to the mean mechanical stress in the winding. Thus, there 
are two options — either to use a winding under low mechanical load (which 
would at a later stage be superconducting) with large volume and high energy or, 
the other way round, to use a simple construction near the mechanical load limit 
but with minimum energy and minimum tritium content. Estimates show that 
with reasonable safety factors and for existing materials, the latter option requires 
energies of about 500 MJ, which would seem to be a practicable limit for a ~ 1 GJ 
induction source. In the first tokamak design with adiabatic compression, only 
about 150 MJ are to be used. 
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TABLE I. REACTOR PROJECTS 

FER DR OTR(EFR) FDX MARS CRFPR 
(H-I-2) (H-I-l) (A-0) (H-I-4) (H-II-1) (H-II-5) 

Thermonuclear power (MW) 

Electrical power (net) (MW) 

Plasma current (MA) 

Major radius (m) 

Minor radius (m) 

Magnetic field zone length (m) 

Magnetic field (T) 

Ion temperature (keV) 

Electron density (1020 m"3) 

Number of pulses 

Burn time (s) 

Neutron load (MW • m~2) 

Pu production (kg/year) 

440 

-
5.3 

5.5 

1.1 

-
5.7 

10 

1.4 

5X104 

2000 

-
-

2000 

600 

-
6.8 

1.6 

-
6.0 

10 

-

-
1000 

2.6 

-

490(2000) 

300 

5.6 

5.5 

1.1 

-
6.0 

10 

1.4 

106 

550 

1.1 

150 

391 (2563) 

600 

8 

0.65 

0.385 

-
9.1 

10 

10 

-

-
10.5 

1700 

2600 

1200 

-

-
0.49 

130 

4.7 (24; 7.5) 

28 

3.3 

-

-
4.3 

-

3365 

1000 

18.4 

3.8 

0.71 

-
9.5 

10 

6.6 

-

-
19.5 

-
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These two options are also being considered for experiments to achieve 
ignition - the so-called TFCX (H-I-3) and (BCX)2(E-II-4) experiments proposed 
by United States scientists. In both cases it is estimated that the current required 
to bring the plasma up to the burn region reliably is 10—12 MA, although of 
course for various reasons, TFCX follows the nowadays classic scheme of making 
full-scale use of auxiliary ion heating whereas (BCX)2 basically relies on achieving 
ignition by purely Ohmic methods using an optimum elongated cross-section (1.7) 
and a minimum aspect ratio of about 2 which yield a poloidal field of about 5 T 
and a current density of about 1.5 — 2.5 kA- cm"2 (20 times greater than in 
'classical' tokamaks). 

The main aim of TFCX is to achieve ignition (with a release of about 
200—270 MW of thermonuclear power) and long-pulse equilibrium burn (up to 
600 s). To the extent that resources permit, the project should allow the device 
to be used for the development of reactor technology (the neutron load on the 
walls is about 1 MW • m"2). The possibility of using both superconducting and 
normal coils is being studied, as is also a possible optimization involving the use 
of conventional plasma cross-section coils and the reduction of the aspect ratio in 
order to obtain a maximum /3 value and to design a more compact and cheaper 
copper version. It is proposed to use the lower-hybrid current ramp-up followed 
by ion cyclotron heating to ignition. To guarantee ignition, the concept provides 
for a substantial safety factor (1.5 — 2), especially in comparison with INTOR 
and with basic empirical scaling laws. This is, of course, a very impressive project 
whose implementation would greatly strengthen the whole thermonuclear 
programme. 

The idea of using a maximum attainable field of about 13 T ((BCX)2) is 
based on: 

(a) The latest results on heating plasma to kilovolt temperatures by purely 
Ohmic methods in tokamaks where the current exceeds 1 MA (Alcator C, 
TFTR, JET); 

(b) Structural analysis which shows that it is possible to guarantee relatively 
long-pulse burns (of about one second) and currents of about 10 MA; 

(c) Tests of a compact structure with small aspect ratio (JET); 
(d) Estimates of the possibility of using purely Ohmic heating with poloidal 

fields of 4 to 5 T; 
(e) The possibility of using, if necessary, auxiliary heating, including adiabatic 

compression (with the appropriate power sources). 

This analysis is supported by the study of the FDX-1 project carried out by 
the INESCO group (H-I-4) using a similar design with a water-cooled magnet 
made of a highly durable CuBeNi alloy. 

It has been suggested that these devices represent steps towards a techno
logical demonstration of the possibility of achieving fusion in an INTOR-type 
device. In order to do this, they would have to be much cheaper than INTOR. 
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The final group of reports presented dealt with reactor concepts, which are 
summarized in Table I for comparison. 

Table I shows that the first three projects are based essentially on the INTOR 
concept. The experimental thermonuclear reactor project (OTR/EFR-USSR)(A-0) 
is more conservative and chiefly relies on existing solutions. However, its use as a 
neutron source for a hybrid reactor makes the concept fully acceptable as a 
demonstration facility which would pave the way for further industrial develop
ment of hybrid reactors. At the same time the FER (Japan) (H-I-2) and DR 
(United Kingdom) (H-I-l) projects use a number of new ideas which are being 
tested — primarily current profile control and inductionless current sustainment. 
These are very attractive ideas as well as a way of substantially increasing the 
0 value. 

Of course, their use would make the hybrid reactor a still more attractive 
prospect, although analysis shows that such a reactor could be constructed with 
existing technology. There is some difference in philosophy between OTR and 
DR. The former project proposes to achieve a 30-year chamber lifetime; in the 
latter project, the first-wall elements are to be changed after one to two years. 
The latter concept raises a number of problems including outlay on scarce and 
expensive materials. 

The FDX project implemented by the INESCO group is based on a second 
type of tokamak using a strong field. It has, of course, the advantage of compact
ness. The authors maintain that if physics confirms that the parameters involved 
in the project can be achieved, then it is already technologically and economically 
feasible. The authors believe that the concept has obvious advantages over a pure 
thermonuclear reactor, primarily in terms of cost and dimensions, and over the 
LMFBR in terms of safety and neutron balance. The relatively inexpensive 
tokamak has to be replaced every two to four months. With regard to the 
consumption of materials over the entire life-cycle of the reactor, comparison 
must be made with other concepts. As yet no such analysis has been carried out. 

One of the next two concepts is the MARS reactor (H-H-l) which is based 
on a magnetic trap with electrostatic ion containment by end plugs and by thermal 
barriers (tandem mirror). The concept of a simple solenoid in the central section 
is highly attractive. The main problem lies, of course, in confirming experimentally 
the parameters proposed for the project. It should be noted that the end-magnetic 
systems are very expensive. An interesting difference between this reactor and 
other concepts is the low total tritium content in the blanket (~ 10 g compared 
with 500 g for INTOR in a similar design). The compatibility of the lead-lithium 
alloy with the construction materials at the given high temperatures needs to be 
confirmed experimentally. 

I would also like to draw attention to the report by the Novosibirsk group 
(USSR) (C-II-1 ) on the compact axisymmetric magnetic trap with very high 
mirror ratio (field in mirror: 35 T) for obtaining a large neutron flux (about 
11 MW • m"2) with a relatively modest injection power of about 20 MW. Such a 



IAEArCN-44/K-5 501 

large flux is obtained by reflection of the beam in a narrow zone which sub
stantially increases its density. A gas target for studying the radiation behaviour 
of materials has been proposed. The concept is based on existing physics data. 

Finally, the reactor based on the reversed-field toroidal pinch (H-II-5) 
is a very attractive compact reactor similar in conception to the compact tokamak. 
The ability to sustain a constant current by non-linear interaction of modulated 
poloidal and toroidal fields is a very interesting feature of this reactor which needs 
to be tested experimentally. 

The concept of a possible reactor based on the fast Z-pinch with stabilizing 
walls and fed from a modern fast pulse source was also presented. This report 
(D-IV-2) shows that if the pinch can be kept stable during the fast rise of the 
current in the capillary, it could be used effectively in a reactor. 

The Conference demonstrated the increased interest in tokamaks as the 
cores of hybrid reactors, which is only natural given the present stage of develop
ment of thermonuclear power. Another feature was the fact that the two possible 
lines of tokamak development have been ever more used to study both burning 
plasma physics and technological problems - the classical line which, for the most 
part, relies on superconducting windings, and the compact approach, dependent on 
the technology of strong magnetic fields. In view of the considerable advances 
in the physics of plasma confinement and heating, it may be concluded that there 
is a sufficient physics and technology basis for moving on to the next step — 
working out the technological problems of thermonuclear power on an 
INTOR-type device. It should also be noted that the use of a tokamak as a 
neutron source for a hybrid reactor appears to be a most realistic prospect. 
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