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FOREWORD

Among the experimental devices in the field of nuclear fusion, the
research tokamak is at present the most developed system from the point
of achieving "ignition". The largest national fusion programmes carry
out theoretical and experimental research to create a tokamak machine of
the new generation. National projects and programmes like FER (Japan),
(NET (CEO, OTR (USSR), CIT and TIBER-II (USA) having the same ultimate
goal, differ in their tasks and objectives.

In the framework of the IAEA, the INTOR Workshop, a collaboratve
effort of Euratom, Japan, the USSR and the USA, world fusion experts make
an attempt to find solutions to scientific and technical problems of
fusion reactor concept accumulating the best existing knowledge in the
field.

Investigating some of these problems in depth was necessary for the
preparation of the INTOR Phase IIA Part 3 Report as well as of an INTOR
input to the new international venture - the International Thermonuclear
Experimental Reactor. With this aim the INTOR Steering Committee
recommended to the IAEA a series of INTOR-related meetings which were
convened by the Agency in 1985-86.

Since the results of these meetings are important and useful to a
wide range of specialists involved in research on large fusion machines,
as well as in the design activity on the next generation tokamaks, the
IAEA Secretariat has prepared this TECDOC as an IAEA publication.
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IMPURITY CONTROL MODELLING

Report of a Specialists Meeting
held in Vienna, 16-18 September 1985



SUMMARY

Impurity control has been a critical issue for the last two phases of the

INTOR workshop, and will again be a critical issue for the next phase. Much

of the work on the physics for the impurity control critical issue study has

been the development and application of large, sophisticated two-dimensional

computational models for poloidal divertors. Each INTOR delegation has

undertaken a substantial modelling effort with these codes. The purpose of

this INTOR Technical Experts Meeting was to bring together the scientists who

develop and apply these models to discuss the relative merits of each approach

to modelling, and to discuss the scientific basis for the models. The major

purpose of the meeting was thus to formulate the requirements for an adequate

divertor model. In this regard, the meeting not only had talks and discussion

on the codes, but also talks and discussions on divertor experiments and on

the physics basis of the models such as sheath theory and atomic physics. The

attendance was limited to approximately twenty people who have either actually

been involved in the INTOR studies or who could describe the relevant

experiments. The meeting was informal and discussion was encouraged. The

schedule of talks was designed to be flexible with ample tine for discussions.

The topics covered were:

1. 2-diraensional fluid divertor models

2. Neutral transport models for divertors

3. Impurity transport models for divertors

4. Models for the sheath and pre-sheath boundary comditlond

5. Experimental results from divertors

6. Atomic Processes for divertors

7. Applications of models to experiments

8. Applications of models to design issues



The purpose of the meeting was narrowly focussed on the physics of

poloidal divertors as applied to the design of a poloidal divertor system for

INTOR.

At various times during the meeting, the participants broke up into

topical sub-groups. The topical set sub-groups then prepared short status

reports on their critical area:
1. 2-diroensional fluid codes

2. Neutral Particle Transport Models

3. Impurity Transport Models

4. Modelling for experiments and experimental data

5. Boundary conditions

6. Application to design

7. New Directions

STATUS OF 2-D CODES

The scrapeoff and divertor hydrogen plasmas have been modelled with

considerable success using a fluid description for the plasma flow and either

analytic or Monte Carlo treatment for the neutral gas transport. Therefore,

two codes, using a completely different approach, are often involved in the

the process of obtaining a self-consistent plasma solution. We here restrict

ourselves to the plasma codes and, in particular, the ones based on fluid

equations.

The equations used by all the codes considered are, with small

variations, the BraginsXii equations. Some of the codes include viscosity,

and others use the equal temperature (T^ » Te) assumption. All the codes,

with the acception of one, use an empirical anomalous description for the

radial (diffusive) transport. However, all the codes are capable of using

theoretical models for diffusion, and, in particular, classical transport can

be included. As far as the plasma physics is concerned, the 2-D codes can be
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regarded as essentially equivalent, and any differences can be easily brought

into line. One possibly important deficiency is that the diffusion is assumed

ambipolar. The existing codes could not easily handle nonambipolar

diffusion. There are some important differences in the boundary conditions

used by different codes. In particular, the condition used to determine the

flow velocity at the sheath is not the same in the codes. The question of the

boundary conditions at the sheath is treated in detail in a separate section

and will not be discussed here. The source terms for the plasma equations

come from the interaction with the neutrals. If Monte Carlo methods are used
to compute the sources, it is not, in general, feasible to study time

dependent problems unless only a narrow range of frequencies is of interest.

The codes relying on Monte Carlo treatments therefore as a rule provide only

steady state solutions. So far virtually all the codes, regardless of whether

they have been based on the time dependent or steady state equations, have

been used only to find steady state solutions.

Most of the codes experience difficulties with convergence to a steady

state solution under some circumstances. It is not clear whether these

difficulties are due to purely numerical problems, or are caused by physics.

The codes are, in general, not as robust as one would like and are therefore

not easy to use.

A number of codes employ a simple rectangular geometry, but two codes can

handle general plasma shapes, and one of the two can handle complex geometries

for both the plasma emd the neutral gas. However, no single code has all the

desirable features. It is not obvious whether this is necessary or even

feasible. The existing codes, their derivatives, and possibly newly developed

codes, will in the near future have a great number of tasks. It is impossible

to list all of the important tasks, and here we mention just a few of the most
important ones.
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The first task should be to make more comparisons with experiments in

order to establish which components of the models can be relied upon to

provide fairly reliable predictions. The next task should be to provide

accurate flow patterns for the hydrogen flows, which are essential if we are

to have any confidence in the impurity transport modelling. The difficulty

here is that these flow patterns might be significantly influenced by the

drift motion which has been so far neglected, whether the diamagnetic or the t
x $ type. The possible effects of the drifts should be investigated even if

the radial electric fields may not be accurately known.

The question of the stability of the solutions has not received enough

attention. In view of the possibly unstable interaction between the neutral

gas and the plasma reported at this meeting and other indications as well,

time dependent solutions should be paid more attention. A fluid model for

neutral transport, coupled to the plasma model, may be required for this

purpose.

It is obvious that the main aim for the future is the investigation of

the impurity transport. Since the impurity transport has been covered in a

separate section, here we have not gone beyond discussing the features of thf

hydrogen flow which are important for the impurity transport. The two areas

should, however, be united as soon as possible.

In order to perform the tasks listed, it is highly desirable that the

codes be made more robust. This may be possible with some of the existing

codes, but a completely different code may eventually be needed.

There exits also a number of rather ambitious plans to develop new codes

which would be capable of treating simultaneously the hydrogen and the

impurity transport for even large impurity concentrations. Since it is not

easy to judge just how difficult the development of these codes will be and

how long it will take, it seems prudent not to discuss these plans here in

detail. The existing codes, despite some differences, are capable of

12



improvement and should be capable of going a long way towards answering the

basic questions involving only hydrogen, and also provide a reasonable

foundation on which the impurity modelling can be built.

STATUS OF NEUTRAL TRANSPORT MODELS

Two INTOR impurity control modelling questions are the rate of He ash

removal and wall erosion in proposed divertor designs. The most complete

models presently available to address these questions combine a plasma

transport calculation together with a neutral transport calculation to get a

self-consistent solution for the edge recycling. An important third question

which arose from these calculations is the contribution of neutral particles

to the overall power balance, in particular the magnitude of radiative losses.

The ideal neutral transport codes will contain models for neutral and

plasma, neutral and neutral, and neutral/wall interactions adequate to

reproduce existing experimental data.

A fairly large catalogue (20-25 processes) of both elastic and inealstic

neutral and plasma collisions is required for a complete atomic physics model.

It is further necessary to include the dependences of the rate coefficients on

plasma temperatures and densities, as well as on the neutral energy. In

particular, the effects of multiatep processes should be included.

A complete model for wall reflection would treat the distribution of

reflection coefficients and reflected velocities as a function of the incident
particle species and velocity, and wall morphology. Such a model should also

predict physical sputtering yields, and contain data on wall implantation

distributions for sticking particles. A realistic description of wall

reflection also requires an accurate description of the wall geometry.

Analytic solutions for neutral transport are computationally fast, and

show explicit dependences and scalings of parameters. One-dimensional

solutions have been developed which include multiple species, simplified but

adequate descriptions of atomic physics, and variable wall reflection models.
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Present Monte Carlo models contain detailed descriptions for both the

atomic and wall reflection physics. Two drawbacks to using the Monte Carlo

approach are that explicit relationships are difficult to see, and that

computations can be relatively expensive.

We present here brief descriptions of three Monte Carlo codes which are

presently being used for INTOR/NET modelling, Nimbus (Bologna), Eirene (KFA-

Julich), and DEGAS (PPPL).

All three codes contain complete atomic physics models for hydrogen and

helium atoms and hydrogenic raodecules. Nimbus further includes elastic

scattering of H° off H* and He"1"̂ ', while DEGAS includes the impurity Ar°, and

a description of the dissociation of CH?.

The codes differ in the detail of the wall reflection process. DEGAS

uses data for reflection probabilities and reflected velocity distributions

from the TRIM wall reflection code. Both Nimbus and Eirene use empirical

descriptions, including the dependences on incident energy and angle. Only

Nimbus is not fully three-dimensional, building its geometries with cylinders

of different croas sections.

Nimbus can additionally track sputtered impurities, returning them, when

ionized, to the wall along field lines. It is possible to model continuously

varying plasma parameters with the Eirene code when computing global

quantities, such as wall fluxes.

A number of comparisons of code results with actual experiments have been

made. Ha emission profiles have been modelled for TEXTOR, PDX, and TFTR.

Pressure measurements from PDX, DITE, TFTR, and ALT-I have also been

modelled. Charge exchange spectra have been calculated for TEXTOR, JET,

ASDEX, PLT, and TFTR. The pumping performance of ALT-I has also been

modelled.

Results from these comparisons have been encouraging, achieving

reasonable agreement in general. Further progress will depend in part on
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getting data which we so far lack on: (1) low energy (1-50 eV) wall

reflection off rough, dirty walls, (2) energy loss rates due to molecular

excitation, (3) Ha emission in nonequilibrium states, (4) the effects of the

wall reflection process on H° excitation, and (5) a radiative excitation model

for He0.

Future DEGAS work will include introducing the variation of the H° + H*

charge exchange cross section with the H° excitation level, He0 + H"*" elastic

scattering, which may be important in a high recycling regime, and adoption

the code to multiprocessing computers. Emphasis will be placed on modelling

of TFTR results on H_ emission, edge pressure measurements, isotope exchange,

and pressure measurements between shots, as well as transport of CH°, and

design work for a proposed belt limiter/getter system.

Near term development of Nimbus will include adapting and using the code

on a parallel architecture (1-D processor) computer improving the simulation
of elastic scattering and ionized heavy impurity transport and coupling the

code with a 2-D fluid plasma code.

Introducing the "correlation sampling technique" is planned for Eirene,

where the Monte Carlo algorithm will be applied to iterative schemes by

increasing the correlation between succeeding neutral profiles. Eirene will

be used to model H line profiles in order to determine relative atomic and

molecular populations. ALT-I and ALT-II analysis will provide valuable

interpretation of pump-limiter performance.

The participants agree that defining and independently solving a

benchmark INTOR/NET neutral transport problem would be very useful for code

comparison and have agreed on a set of common assumptions.

In conclusion, code differences have arisen due to historical reasons,

and not through disagreements over essential physical issues. The

participants agree on the great importance of modelling of existing

machines. A comparison of code results for an INTOR/NET benchmark problem is
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proposed. Finally, two outstanding problems have been identified for future

discussion, calculation of (nonlinear) neutral and neutral kinetics, useful

for determining pumping speeds in a high recycling divertor, and development

of rigorous criteria for the convergence of combined plasma/neutral transport

treatments .

IMPURITY TRANSPORT MODELLING IN THE TOKAMAK EDGE REGION

1. Comment on the hydrogen background plasma

Impurity transport in the tokamak edge region is closely related to the

hydrogen plasma behavior there, and cannot be treated independently. In fact,

even apparently small changes in the hydrogen flow pattern in the boundary

layer and divertor region can have an effect on the overall impurity control.

2. Status of impurity transport models

2 .1 1-D models

Impurity transport along field lines in the edge region has been treated

by several groups. A test particle or test fluid model, respectively, (n~ %

« n ) has been adopted in all cases. The impurities are coupled to the

hydrogen majority by collisions (friction, thermal forces) and the ambipolar

electric field, and the rate equations (ionization, recombination) are solved

for all charge states along one spatial coordinate; i.e., along field lines

from some symmetry plane up to the target plates. The background hydrogen

plasma is taken from hydrodynamic codes adopting the same geometry and

including neutral gas models ranging from simple analytical to 2-D Monte Carlo

treatments.

The key result concerning impurity control seems to be the observation of

impurity flow reversal along field lines, if Mj < ^\/^i which strongly

affects the desired divertor action (this effect may be even enhanced by

hydrogen circulation in the edge layer).
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Sputtering of the target plate material by hydrogen and impurity self-

sputtering has been discussed also in some detail. For certain conditions it

is found that the impurity concentration in front of the target plate may

violate the test particle assumption. (This may be true also in present dirty

limiter experiments, but is hopefully less likely for a burning plasma

conditions which require a rather clean plasma.)

The nonequilibrium radiation cooling rate has been calculated and runs

have been made where it was included in the electron energy balance. For

significant radiation loss, however, the required impurity concentration tends

to violate the test particle approach (a modified version of this model has

been successfully applied to simulate "Marfes" seen occasionally in many

tokamaks).

2.2 2-D models

An extension of the 1-D models to 2-D including a simple cross field

transport model (anomalous diffusion plus drift) has been shown to be feasible

in principle.

2 .3 Erosion/redeposition code (REDEP)

The erosion/redepositon code (REDEP) models the transport, ionization,

and «deposition of sputtered material in the scrape off zone, plasma, first

wall, and divertor (limiter) regions. The 3-D finite difference code uses

given DT plasma parameters. It solves a system of integral equations for the

impurity fluxes to and from points on the divertor surface. It contains

models for the hydrogen, helium, ion, and neutral fluxes, sheath acceleration,

sputtering coefficients, angular and energy distributions of sputtered

neutrals, electron impact ionization and charge state diffusion, and the

velocity of redeposited ions. A key finding of this code is that net erosion

rates may be much smaller than the gross rates (i.e., without deposition

included) .
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2.4 2-D impurity transport code

The 2-D impurity transport code computes the transport of impurity ions,

in detail, for high recycling divertor regime. The 2-D Monte Carlo test

particle code computes the transport along field lines, diffusion across field

lines, charge state. The code uses given DT plasma data. The force on the

impurity is computed from the equivalent force on thermalized fluid or from

single particle collisions with perturbed Maxwellian plasma distribution

functions.

3. Ongoing developments

Most groups developing 2-D hydrogen scrape off layer codes have plans to

implement impurities in some form, but details were not yet presented. The 2-

D Monte Carlo type simulations and the erosion deposition calculations

described above are undergoing further development. More sophisticated

hydrogen and impurity models including classical drifts, finite electric

current, etc., have been discussed, but will certainly not be available in a

consistent form in the near future.

4. R&D needs

The impurity flow reversal indicated by the 1-D models (and confirmed by

first 2-D simulat ions) clearly call for a realistic 2-D simulation of the

impurity as well as the hydrogen transport. A reasonable starting point is to

use anomalous cross field transport models and a test particle approach.

Nevertheless, a rather sophisticated description of neutral hydrogen (possibly

even of impurity neutrals) in ful l geometry would be desirable since it may

largely determine the hydrogen flow pattern.

Where possible, the test particle approach should be modified at least

for specific application, e.g., close to target plates. The relevance of

neoclassical terms (as apparently indicated by some experimental results)
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should be carefully checked and, if necessary, appropriately advanced models

should be developed. In any case, close cooperation with existing experiments

would appear extremely desirable to ensure efficient work.

PLASMA BOUNDARY MODELLING AND EXPERIMENTAL RESULTS

1. General physical behavior of the scrape off-Layer

There were several papers presented at the meeting in which measured

scrape off parameters (Tg, ng) were compared with modelling results. For the

devices considered (ASDEX, PDX, D-III) a reasonable agreement is obtained

already from 1-D code simulations. More refined 2-D calculations were also

presented which allow a more detailed comparison with the experiments. At

present, however, detailed and accurate information from the experiments is

still rare and whether the 2-D descriptions in the present forms are actually

in close agreement is difficult to demonstrate from the data available.

It is the understanding of the meeting group that the overall physics of

the scrape off and the general behavior of the divertor plasma is relatively

well understood. Some progress in studying the nonsteady-state phenomena in

the edge plasma has also been reported. Simple theoretical considerations,

confirmed by 2-D calculations, show the possibility of relaxational

oscillations in the divertor plasma. Further work is necessary to judge

whether such mechanism is relevant to the edge-localized oscillations observed

during the H-phase divertor experiments.

2. Modelling of the neutrals

There was extended discussions to what extent the 2-D neutral codes do

appropriately describe the interaction of the neutrals (molecules, and atoms)
with the plasma in the edge region and the divertor. In case of TEXTOR good
agreement between measured Hfl emission (limiter recycling) and code

predictions was found. In case of PDX, however, there was a disagreement
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between the analyses based on probe data and the H profiles measured using
the TV Ttiorason Scattering System.

It is the general impression that for HO - diagnostic purposes, and thus

for having a method by which the velocity in the code can be checked, a high

degree of accuracy is needed in the cross sections. For other purposes,

(e.g., calculating the actual refuelling fluxes) much larger uncertainties

appear tolerable. First results of such code calculations were presented at

the meeting. More extended investigations in this field are highly desirable.

3. Impurity transport

Experiments in ASDEX showed that the retainment capability of the

divertor for recycling impurities is drastically reduced for high power

neutral beam heating. It was also found that the target produced impurities

have an unexpected high probability for penetrating into the bulk plasma.

With respect to the behavior of the recycling impurities, the

observations are qualitatively described by an impurity modelling code that

includes the thermal forces acting in the scrape off and which furthermore

adopts results of 2-D modelling of the background plasma. An essential

feature of the latter code results is a flow pattern showing a circulation of

the plasma in the vicinity of the séparatrix. For a more quantitative

comparison results of 2-D impurity transport codes should be considered. At
present the essential aspects of the impurity transport in the scrape off

region (e.g., up-down asymmetries) are not yet understood, and there is also a

strong request for more experimental information on the impurities as well as
on the streaming properties of the background plasma in this region.

In conclusion, the technical committee feels that it is necessary, for

both comparison with experiment and as a reference for different codes, to

have a carefully matured set of experimental data available.
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BOUNDARY CONDITIONS

1 . Introduction

Plasma flow in a scrape-off layer is usually described by f luid

equations. Unfor tuna te ly , f luid equations cannot be used throughout the layer

but cease to be applicable in a region of several mean free paths ahead of the

target plates where the velocity distribution deviates appreciably from

Maxwellian. Therefore, this so-called presheath region together with the

sheath has to be treated by a kinetic model and the result of both the f l u id

and the kinetic models has to be matched at a place where both of them are

applicable.

2. Boundary conditions for flow velocity

A boundary condition can only be posed if the flow is subsonic. From the

Bohm criterion flow velocity is demanded to be at least sonic, i.e.,

1/2
V > C = [(TC + T

i)/m
i] • (1 >

(Strictly speaking the Bohm criterion for finite T^ reads

/ f . / v 2 dv < m. /T ,

with f^ the ion distribution function, but it cannot be used as a f luid

boundary condition in this fo rm) . Condition (1) also holds in the presence of

a magnetic field.

3. Boundry conditions for energy flux

From numerical simualtion of the kinetic sheath one gets a total electron

energy flux (convective plus conductive) of

0. - 6 T T ,
*e e e
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where T is the particle flax, and 6e = 4.5 - 4.8, nearly independent of a

magnetic field. The ion energy flux Q^ has been calculated numerically and

analytically for ions flying without collisions from a source region where

they are created to the target plate. For collisional ions O^ has only been

estimated relying on more or less plausible assumptions on the velocity

distribution at the boundary. Better founded values of Ç)^ should come out

from a kinetic Fokker-Planck description of the collisional presheath. The

same applies to the electron energy flux if the electrons have large mean free

paths; i.e., if their heat flux is near the flux limit.

APPLICATIONS OF MODELS TO INTOR

All four groups (US, Japan, USSR, and EC) have applied their 2-D divertor

codes to estimate the plasma parameters which are likely for the INTOR

divertor plasma. These results are summarized in the engineering

specifications table which appears in the report of INTOR Phase IIA Part 2.

The basic results are that Te £, 20 eV and ng ^ 10 4cm . The major
differences in the calculation are due to the different geometeries used and

different treatments of hydrogen radiation. The low temperature allows the

use of a divertor plate for which the sputtering erosion rate will be very

low. The high neutral density implies that the neutral pressure will be very

high, so that helium pumping can be accomplished with a minimum sized pumping

system.

The major disagreements between the modelling results are on how low the

temperature in front of the divertor plate can get. The résulta vary between

5 eV and 20 eV. There are also questions about the split of the power between

the inner and outer divertor targets.
The calculations need to be improved primarily in two areas. The first

is to refine the calculations using the hydrogenic fluid codes to better

handle the 2-D flows, the sources from the main plasma, the interaction with
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the main chamber vacuum vessel and the real geometry. It would also be use fu l

to thoroughly investigate the pumping question. Hie second area is to assess

the role that impurity effects can play in the divertor. This includes

investigating not only the ef f ic iency of helium removal and pumping but also

the net higher Z impurity removal eff iciency of the divertor. In addition, it

is important to investigate the role that impurity radiation, particulary if

localized to the divertor, can play both in reducing the heat loads to the

divertor plate and in the high recycling behavior of the divertor.

Both of these topics have been recommended as key work areas for the next

phase of INTOR.

NEW DIRECTIONS

The research effort in impurity control modelling consists of the

development of computational models and the application of these models to the

analysis of existing experiments and the design of future experiments such as

INTOR. The code development e f for t is primarily in four areas:

(1) 2-D f luid codes for edge plasma transport,

(2) 2-D and 3-D neutral gas transport codes,

(3) impurity transport codes, and

(4) kinetic models and codes for the presheath and sheath regions.

Work on these codes and models is an ongoing activity of obvious

importance. Equally important la the application of these codes to the

analysis of current experiments. There are, however, specific topics which

deserve special attention.

One of these is the role of multistep hydrogen processes. These processes

not only a f f e c t the hydrogen radiation losses and the ionization rates, but

also may play a role in determining the neutral transport through enhancement

of charge exchange due to excited atoms. The treatment of this ef fec t

requires a collisional radiative model of high quality. in addit ion, the

neutral atoms may not be in equilibrium with the plasma.
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A second point is that time-dependent e f fec ts and oscillations should be

investigated. Such oscillations may play a role in the divertor plasma

parameters , and also may provide a link from the models to present

experiments.

A third point is that probe data and the H data may not be entirely

reliable. The two dimensional H data from PDX is basically incompatible with

neutral transport in plasmas in PDX which have the parameters described by

probes.

Codes in the four areas for code development are maturing. In

particular, two major code development tasks can be identified. The first is

the continued development of 2-D coupled fluid and neutral particle codes so

that they can routinely run the wide variety of problems that need

at tent ion. These codes should continue to use state of the art information

such as boundary conditions based on the kinetic models for the sheath and

presheath region, and the best available atomic and molecular physics data.

The second task is the incorporation of a model for impuri ty transport

and radiation losses in the 2-D f luid and neutral edge transport codes. This

would enable us to investigate the role of radiation in determining the

divertor plasma parameters, and in reducing the peak heat loads on the

divertor target plates. It would also allow us to investigate the he l ium and

other impuri ty transport and removal issues in the divertor.

These new packages need to be applied both to the analysis of current

experiments such as D-III and ASDEX, and to the design of INTOR to produce a

complete set of specifications for the design of the INTOR impur i ty control

system including the divertor (Tfi profiles, sputtering rates, neutral

pressures, heat deposition profi les , etc.).

A last item for concern is the possibility that the divertor plasma may

have a high energy ion component which would lead to increased sputtering.

There is some evidence for such a "tail" from ASDEX and the possibility needs

to be characterized for INTOR conditions.
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I. INTRODUCTION

Noninductive current drive in tokamak plasmas is a very active field of
research. Both experimental work and theoretical analysis is being performed
in many laboratories.

Application of noninductive current drive to a tokamak reactor could be a
way to operate the device in a steady-state or quasi-steady-state mode. These
operation modes are also of great interest to INTOR. On the other hand, in
high density plasmas noninductive current drive requires large powers and
there are a number of physics issues that need to be elucidated before
noninductive current drive can be adopted as part of the reference operation
scenario for a next-step device.

The main task of the Meeting will be to compare the experimental results
available with the theoretical models developed as well as to provide a
judgement on how far present current drive models are validated by experiments
and can be confidently used as a basis for extrapolation to next-step devices.
Uncertainties in the understanding should be pointed out and research to
resolve such issues should be suggested.

All schemes under consideration for noninductive current drive, i.e.,
(i) lower hybrid waves,
(II) fast magnetosonic waves,
(III) electron cyclotron waves,
(iv) Alfven waves, and
(v) neutral beams

will be included 11 the discussion. Emphasis will be given to tne schemes
having the best data base, that is lower hybrid waves and neutral beams.
Furthermore, owing to the attractiveness of the method particular attention
will be paid to evaluating the status of fast wave current drive.

All aspects of noninductive current drive will be considered. This
includes

(i) steady-state current drive,
(II) electric field effects, including transformer recharging and

current ramp-up, and
(III) current initiation.

Specifically, it is planned to discuss in detail the understanding of
current ramo-up by lower hybrid waves in PLT and PETULA and on current ramo-up
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and tranformer recharging in ASDEX. The responsiole INTOR delegates will try
to collect the relevant experimental data and sollicit modelling studies of
these data prior to the meeting. Also issues like the density limit, the
extension of the high-energy electron tail and the absorption efficiency of
lower hybrid waves will be addressed.

F. Engelmann
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II. SUMMARY AND CONCLUSIONS

1 Neutral Beams
(Rapporteurs: M. Cox, L. Grisham, K. Okano)

Four papers were presented at the meeting which dealt with current drive
effects associated with neutral beam injection. Experimental results were
shown from three tokamaks : DITE, TFTR, and JET. Of these, the analysis for
DITE was complete, while the results from JET and TFTR in which currents of
about 0.5 MA appear to have been driven, were still in a preliminary stage.

Generally speaking, the power deposition of neutral beams in a tokamak
plasma is well understood and appears to be adequately described by presently
used models. It is difficult to say anything as definite about the validation
of neutral beam current drive theory, since relatively little experimental
effort has been devoted to beam current drive effects, and since the only
presently available diagnostic is the plasma surface voltage. However, for
all the cases presented at the meeting, it appeared that the behaviour of the
surface voltage was consistent, within ± 50?, with the predictions of
current drive theory with neoclassical corrections (although there were still
some uncertainties expressed by K. Okano as to the appropriateness of using
the neoclassical corrections, which have the effect of somewhat increasing the
expected current). Reservations were also expressed about plasma rotation, and
whether the present theory correctly computes the effect of rotation upon the
current. The question has, so far, received little if any experimental
attention.

In addition, although not a consideration for the present generation of
experiments, there is the possibility that at higher energies (above a few
hundred keV) the beam ions may couple to Alfvén waves, resulting in their
enhanced slowing down and an attendant drop in current drive efficiency.
Whether or not this is a serious possibility is a problem deserving more
intensive theoretical and modelling studies.

The JET group has studied the effects of co-injection and of counter-
injection upon the internal inductance and sawteeth in the discharges. The
findings are consistent with modeling calculations which predict that co-
injection causes the current profile to become broader than the ohmically
driven current, whereas counter-injection generates a more peaked current
profile. As far as the sawtooth behaviour is concerned, the sawtooth period

31



lengthens during co-injection, whereas it becomes erratic and sometimes
shorter during counter-injection.

It must be noted, however, that since neither JET nor TFTR at present are
equipped with any diagnostic to measure the actual current profile directly,
profile effects cannot be investigated in detail.

During recent operation TFTR has achieved "supershots" in which the
energy confinement time and the poloidal beta, ß , are strongly enhanced
relative to "low mode" shots. During these collisionless discharges ß
reaches values as high as 2, and neoclassical theory predicts that a
significant bootstrap current should be present. Preliminary analysis
indicates that, indeed, the observed plasma surface voltage (which sometimes
remains negative for the last HOO msec of 500 msec beam shots even with
balanced co- and counter-injection) is consistent with the behaviour predicted
by a model which Includes the sum of contributions from beam driven current
with neoclassical corrections and the neoclassical bootstrap current. If
further studies confirm these preliminary results, then the contribution from
the bootstrap current could be expected to lessen the requirements for
external current drive sources in future tokamaks.

Theoretical estimates of the current drive efficiency n of deuterium
is injected into a

somewhat higher, yield
beams injected into a DT plasma, for beam particle energies e = 20 T or

n = L (MA) R(m) n (102°m~3)/P. (MW) T (keV) = 0.015b e b e

with I the driven current, P the absorbed power, R the plasma major radius,
ii the average electron density and T the average electron temperature.
G G

In summary, although there are some remaining uncertainties (especially
about beam ion deceleration by Alfven waves at energies above a few hundred
keV), the present evidence seems to suggest that current drive theory with
neoclassical corrections forms a reasonable basis for extrapolation to the
next generation of devices. In extrapolating to more distant applications,
the results of current drive efficiency calculations should be considered in
conjunction with reasonable expectations for neutral beam development, since
there will be a sharp drop in neutral beam production efficiency at some
particle energy where it becomes necessary to switch from electrostatic to RF
acceleration. Development of neutralizers using plasma, rather than gas, will
be required even with electrostatic acceleration in order to achieve the high
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beam generation efficiencies assumed when modelling current drive economics in
future large devices.

2.Lower Hybrid Waves
(Rapporteurs: Ch. F.F. Karney, J.-G. Wegrowe, K. Yoshioka)

Current drive by lower hybrid waves has been done in many tokamaks. As a
result a quite solid data base, in global terms, is available on the
efficiency of lower hybrid current drive, and on the applicability of lower
hybrid current drive to fulfill various functions (steady-state current drive,
current ramp-up and transformer recharging, control of the current profile as
well as MHD behaviour, current initiation) of interest for reactor
applications. On the other hand, little is known experimentally on the details
of the phenomena occurring during wave propagation and absorption, including
the profile of power deposition and of the current drive. The theoretical
model for lower hybrid current drive is based on Brambilla's wave coupling
theory, wave propagation according to geometrical optics (ray tracing) as well
as wave absorption and current drive as following from kinetic theory taking
into account collisions and quasilinear wave coupling to the electrons.

Experiments on steady-state current drive show a current drive efficiency

nex " JRF(MA) ne(1o2°m"3) R(m)/Pinj(MW) * °'1

where IDC, is the driven current, n is the average electron density, R is theH r e
plasma major radius and P is the total injected wave power. This result
agrees within a factor 1 to 2 with theoretical predictions, taking into
account the impurity content (zef.f) of the plasma, the wave spectrum, as well
as the limitation on accessibility and the finite absorption efficiency of
lower hybrid waves. Note that sometimes only a comparatively small fraction
of the power injected (one half or less) may effectively contribute to driving
a current. The parameter dependence of the current drive efficiency n on n
and R as well as the impact of accessibility have a broad data base. The
maximum current, which was driven at moderately low density, was about 0.4 MA.

Theoretically, under optimum conditions (narrow wave spectrum peaking at
low parallel refractive index N. just above the accessibility limit, low
Z ff' good confinement of the resonant electrons) a current drive efficiency

ntheor ' ZRF(MA) V°2°m~3) R(m)/Pabs(MA) * °'5 to °'7
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is predicted where P is the wave power actually absorbed in the plasma atä uS
low N..

As far as wave absorption is concerned the inferred high experimental
wave absorption efficiencies a » P . /P . are not definitely understood.abs inj
Concomitantly, this is also true for the magnitude of the driven current. In
simple model calculations a phenomenological upshift of the wave spectrum,
6 = N| ,required/NJ.injected > 1 Or Win8s of tne wave 3Pectrum at higher N.
are adopted to explain the experimental results. Alternatively, the necessary
upshift can be obtained by ray-tracing including (at least) one or two wall
reflections. Also nonlinear effects are under investigation to explain this
upshift.

A second open question, partly connected with the preceding one, regards
the radial profile of the current driven. Present modelling, for many
experimental situations, predicts a hollow current profile in contrast to the
observations. Some kind of anomalous penetration of the noninductively driven
current may be needed to fit the experimental findings. E.g. fast diffusion
of suprathermal electrons, on a time scale shorter than the slowing-down time,
has been invoked to explain the experimental findings.

There is an upper density limit for noninductive current drive by lower
hybrid waves which is well described by the switching over of wave coupling
from the electrons to the ions in all experiments performed. The frequency
dependency of this limit is close to quadratic; it has been verified over a
wide frequency (and density) range.

In current ramp-up and transformer recharging experiments a current has
to be driven against a negative electric field. This tends to reduce the
current drive efficiency. (Conversely, if current drive is aided by a positive
electric field, the current drive efficiency is enhanced). In noninductive
current ramp-up and in transformer recharging experiments, the transfer
efficiency, from wave energy to poloidal magnetic field energy which was
achieved was

Y • (W - P J/P =• 0.1 to 0.2;exp ext inj

here W is the change of poloidal magnetic field energy and P is theext
inductive contribution, to W, of the externally applied electric field. The
functional dependence of Y on the ratio v./v of the parallel phase
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velocity of the waves v» and the critical velocity v for electron runaway is
well described by the theoretical model if the upshift ß of the wave spectrum
and the absorption efficiency a are appropriately adjusted. Again, it was not
possible to provide a convincing theoretical basis for the required fitting.
On the other hand, the optimum plasma density for which the experimental value
of the power transfer efficiency has a maximum, roughly agrees with
theoretical predictions.

The maximum value of

Y = (W - P •*• P ) /Ptheor v ext fl- abs

where P is the ohmic power dissipated by the return current carried by the
bulk electrons, as found from theory, under optimum conditions is

Y,. = 0.2 to 0.4 .theor

The wave spectrum and the plasma temperature and impurity content are
important parameters. Moreover, the generation of runaway electrons and their
confinement is an important issue. To avoid a negative impact on the current
drive and power transfer efficiencies, the critical velocity for electron
runaway must be larger than the electron velocities for which there is
resonant interaction with the waves. Moreover, runaway electrons must not
accumulate, i.e., they must not be well confined. A good understanding of all
aspects of this problem will have to be developed to be able to do current
ramp-up and transformer recharging with high efficiency.

Current initiation by lower hybrid waves was done so far in PLT only. A
current of 0.1 MA was achieved. In addition, in WT-2 using lower hybrid waves
combined with electron cyclotron waves a current of 4 kA was generated (see
also Sect. 3.4). A theoretical analysis of lower hybrid current initiation is
still lacking.

Application of lower hybrid current drive for control of the current
profile and MHD behaviour has allowed to suppress the sawtooth oscillations
and to affect the m = 2 mode. The sawteeth could be suppressed if 30 to 50 '
of the current was driven noninductively. In some experiments, sawtooth
suppression was due to a broadening of the current profile such that the
safety factor on the magnetic axis became larger than 1 ; in other experiments
this was not the case and a direct effect of noninductive current drive on the
dynamics of the modes must be invoked. There is no generally accepted
theoretical picture for this latter effect.
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In summary, the main properties of current drive by lower hybrid waves
are sufficiently well understood for extrapolating to next-step devices. On
this basiSj an integrated design of a device based on an operation scenario
using noninductive current ramp-up and transformer recharging should be made,
addressing all physical, engineering and economical aspects. Also a
reassessment of steady-state reactor operation at comparatively high
temperature and low density should be undertaken, considering the possibility
that current drive might be aided by the presence of a bootstrap current.
Moreover, the fact that lower hybrid waves are a good candidate not only for
the various functions related to current drive but also for plasma heating
should be recognized.

The main needs for furtner research regard the following points:

(i) At least for current ramp-up and transformer recharging
applications, the spectral upshift obviously present in experiments must be
understood. This includes finding a satisfactory theory or at least
determining the flexibility requirements to be fulfilled by the wave spectrum
to cover possible remaining uncertainties.

(ii) An understanding of the profile of power deposition and of the
noninductively driven current is needed. In particular, the origin of the
apparent anomalous penetration of tne driven current must be elucidated.

(lii) Diagnositc tools to measure the current density profile and the
radial dependence of the wave intensity must be further developed and applied
to current drive profile studies. Also improved information on the electron
distribution function during current drive experiments would be desirable.

(iv) Noninductive current initiation requires further analysis, to
develop a reproducible procedure for starting current ramp-up noninductively.
Also experiments with longer pulse duration which allow to reach a higher
current level are necessary.

3.Fast Waves
(Rapporteurs: D. Ehat, D. Moreau, T. Yamamoto)

Current drive by fast waves is considered because of its potential
advantage with respect to accessibility to the plasma centre, in particular in
comparison with lower hybrid waves, at the high temperatures and densities
typical for a reactor plasma. An issue that needs further consideration is the
importance and consequences of the absorption of fast waves by fusion a-
particles. Fast wave current drive was covered by two papers at the meeting.
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Four different current drive modes are under consideration:
use of fast waves in the lower hybrid frequency range;
use of fast waves in the ion cyclotron frequency range;
current drive upon mode conversion in the ion cyclotron
frequency range;
ion cyclotron wave absorption by a minority species.

Up to now only few experiments have been performed on JIPP T-II U
(800 and HO MHz), ACT (18 MHz) and JFT-2M (200 MHz). They provide a cj.te
limited data base:

1) Experiments in the lower hybrid frequency range encounter the
difficulty that the slow waves are easily excited either directly
at the antenna or by mode conversion due to toroidal effects.
Further experiments are needed, including coupling of the v.ave to
an edge plasma of higher density, to understand the physics in tnis
frequency range in which the relevant damping mechanism is electron
Landau damping as for the slow wave.

2) Experiments using the high frequency Alfvén wave (i.e. u » ui )
were performed at very low density (so that the wave damping occurs
on highly energetic electrons) and very low temperature. In this
case the damping mechanism is Landau damping rather than transit
time magnetic pumping which would be the dominant absorption
mechanism in the reactor regime at such low frequencies. However,
in these experiments current drive at densities exceeding the
density limit of lower hybrid waves by a large factor was
demonstrated.

Further experiments, including current drive upon mode conversion into
ion Bernstein waves and through absorption by a minority species, are expected
in 1986 and 1987 on PLT and JET.

In this situation, reactor applications remain speculative. It is
therefore urgent to perform more experiments and, in particular, to
demonstrate fast wave current drive by transit time magnetic pumping for
frequencies just above the ion cyclotron frequency. This is possible on the
large tokamaks using the available ion cyclotron wave launching systems.
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4. Electron Cyclotron Waves
(Rapporteurs: V. Chan, D. Start, T. Yamamoto)

Current drive by electron cyclotron waves was addressed in six papers.
The experimental data base is still rather limited.

The following experiments have been done:

(i) The Levitron experiment utilised fundamental cyclotron heating
( w * n ) witn the X-mode launched from the outside into a low n , low Tce e e
collisional plasma. Mode conversion at the upper hybrid laye- was
demonstrated in good agreement with ray tracing calculations. A current drive
efficiency of 0.03 A/W was measured (within a factor of 2 of theory). The
experiment demonstrated I reversal across the ECR layer and the T /n scaling
predicted by theory.

(ii) The experiment on TOSCA used w = 2fl (28 GHz) with the 0-modece
launched from the outside with a complex antenna design. The plasma was
nonthermal making comparison with theory highly qualitative. An efficiency of
0.05 A/W was observed which is consistent with theory. The driven current was
reduced as the resonance was moved off-axis. This might be due to particle
trapping.

(ill) The WT-2 experiment was with w =• n (35 CHz) with the X-mode
launched from the outside. The operating density was low with the cutoff at
the plasma centre allowing wave penetration half-way. A slide-away plasma was
generated to enhance wave absorption by high energy electrons. Co-, counter-
and perpendicular injection were tested. With co-injection, and with the OH
switched off, the current was sustained and even ramped up for P > 50 kW. The
observed efficiency was 0.06 A/W, a value which is 2 orders of magnitude
smaller than the value obtained from ray tracing and absorption calculations
with a model electron distribution fitting soft X-ray data; this might suggest
problems with fast electron confinement.

On WT-2 also current drive by asymmetric confinement of fast electrons
was observed during current initiation experiments and found to be in
reasonable agreement with model calculations.

(iv) TFR used u » ß (60 GHz) with the 0-mode launched from the outside.e
The plasma was optically thin, so reflectors were used at the high field side
to generate an X-mode beam propagating at 70° to the magnetic field. A
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current increase of 13? was measured with co-, counter- and perpendicular
injection. Sign reversal between co- and counter-injection was not observer
and the change AI was quantitatively consistent with the change ir,
resistivity due to heating.

(v) Experiments at u » 2 ß (60 GHz) are being carried out on CLEO with
X-mode outside launch at 70° to the magnetic field, and with co- and counter-
injection. Ray-tracing predicts a current drive efficiency of 0.05 A/W and
preliminary experimental results indicate 0.02 A/W.

(vi) The JFT-2M experiment maintained a tail with lower hybrid waves to
enhance the absorption of electron cyclotron waves by energetic electrons. An
absorption efficiency of P /P. . = 0.23 was obtained at a down-shiftedcius i nj
frequency of u/2ß » 0.76. Soft X-ray data indicated selective perpendicularC6
heating of fast electrons. When ramping up a current sustained by lower hybrid
waves, applying in addition electron cyclotron current drive, resulted in an

•efficiency of W/P - 26Ï.
a DS

(vii) Three mechanisms for driving currents by electron cyclotron waves
have been observed on the Wendelstein VII-A stellarator. These are: 1) current
drive by asymmetric confinement of fast electrons at low density (I = IkA),
2) the bootstrap current at high nkT ( I * 0.5 - 1kA), and 3) current drive
by the Fisch-Boozer mechanism (I » 1.5 kA). The efficiency for the latter is
0.04 A/W in good agreement with theory.

While in principle the current drive efficiency for electron cyclotron
waves is not much below that for lower hybrid waves, if the wave coupling is
to the same electron population, in practice it is more difficult to create a
substantial high energy electron tail and consequently the current drive
efficiencies observed in experiments tend to be appreciably lower than for
lower hybrid waves-.

The standard method of calculating currents driven by electron cyclotron
waves involves using sophisticated ray-tracing codes with relativistic or non-
relativistic absorption models coupled either to the Fisch-Boozer expression
for the current drive efficiency or to that predicted by adjoint methods which
can take into account neoclassical effects. The temperature and density
profiles are obtained from either experiment or transport calculations. Ray-
tracing runs into problems at cut-offs and resonances. Consequently full wave
calculations are sometimes used to connect the rays through these regions.
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Steady-state current drive and ramp-up theories are highly developed for
plasmas which are close to thermal. Otherwise, one has to resort to state-of-
the-art bounce averaged Fokker-Planck codes. These codes have not yet been
coupled to wave propagation calculations and have not been extensively
exercised. Also, a full treatment of relativistic collisions is not yet
available and the validity of quasi-linear diffusion may be in question at
high power for w = 2 flce

High power current drive experiments with electron cyclotron waves in
high temperature plasmas are required with well defined launch geometry in
order to achieve a good comparison with theory especially in the down-shifted
frequency mode of operation.

There is a strong interest in electron cyclotron current drive to
stabilize MHD modes but a self-consistent theory has not been developed.

Synergistic effects in the current drive by electron cyclotron waves when
combined with lower hybrid waves and with neutral beam injection as well as in
the slide-away regime need to be studied in more detail. The problem of
runaway effects in the perpendicular velocity, in particular in the presence
of an enhanced tail in the parallel velocity distribution, may also be an
important issue.

Overall Conclusions

There has been considerable progress in research on noninductive current
drive in tokamaks over the last years. This includes all functions for which
noninductive current drive can be used, i.e., steady-state current drive,
current ramp-up and transformer recharging, control of the current profile and
MHD behaviour, as well as current initiation.

The data base is largest for current drive by lower hybrid waves. There
is a reasonable agreement of the theoretical models and the experimental
findings in global terms, in particular with respect to the current drive
efficiency I r u/P I U, electric field effects and the density limit. On the otherLH LH
hand, wave penetration and wave absorption including the absorption profile
are still under debate. An upshift of the N. spectrum and anomalous
penetration of the RF driven current are necessary to describe the
experiments. Also an analysis of the physics of current initiation is still
lacking.
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Current drive by neutral beams has a more limited experimental data base,
but all experimental results are consistent with the collisional model.

Only preliminary experiments have been done on other current drive
schemes like those using fast waves, electron cyclotron waves and Alfven
waves. While these schemes have attractive features their potential cannot yet
be judged definitely.

To lay the grounds for applying noninductive current drive in a next-step
device, further research on a broad front is necessary. In particular, more
detailed information on the power absorption and current profiles in
experiments is needed to validate and refine the available models. Work on
current drive by fast waves, electron cyclotron waves (also in combination
with other schemes like lower hybrid waves) and Alfven waves should be
intensified.

Present knowledge is sufficient for a tentative extrapolation, to reactor
conditions, of steady-state current drive, current ramp-up and transformer
recharging by neutral beams and lower hybrid waves. As far as lower hybrid
waves are concerned, profile effects can, however, not be predicted with
reasonable certainty. Nevertheless, it is worthwhile to undertake studies on
the impact of steady-state noninductive current drive, current ramp-up and
transformer recharging on the cost and on the performance of a next-step
device for both lower hybrid waves and neutral beams, adopting the models used
to describe present experiments. The physics and economy of steady-state
current drive in a burning plasma, of course, would be strongly affected if
preliminary evidence for the existence of an appreciable bootstrap current at
modestly high poloidal beta is confirmed.
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III. ABSTRACTS AND SHORT COMMUNICATIONS

CURRENT DRIVE REQUIREMENTS
FOR INTOR/ETR*

D.A. EHST
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Noninductive current drive provides an avenue towards a more attractive
tokamak reactor when compared to an ohmically driven (OH) machine. The well-
known advantages include reduced magnetic-mechanical and thermal fatigue,
reduction or elimination of the transformer, reduced power supply requirements
for pulsed coils, and elimination of thermal energy storage for the steam
turbine. In combination these improvements could result in capital cost
reductions as high as 25% compared to an OH-operated reactor, which implies
that a large capital investment in the current driver system may be
contemplated, without a net cost penalty to the reactor. More importantly,
steady state operation should permit increased reliability and plant
availability, and noninductive current drive may allow better control of
plasma conditions by eliminating sawteeth and disruptions and perhaps even
permitting operation in the second stability region.

While dozens of techniques have been suggested to create a steady state
tokamak, our attention for INTOR/ETR is drawn to the following four options:
the neutral beam (N8) option, which has generated currents in substantial
agreement with theory; the lower hybrid (LH), or slow, wave which has the
largest data base; the fast wave (FW) which is more speculative but offers a
number of theoretical advantages; and also, in the .U.S.A. the electron
cyclotron (EC) heating technique which is receiving attention as high power
sources are' being developed. In fact, INTOR/ETR would most likely employ a
variety of drivers to optimize its performance.

Regardless of the driver details, we can infer the overall efficiency
needed to make pure steady state (CW) reactor operation competitive with OH
operation. In a study of commercial reactors we compared the relative costs

20 -3of these two operating modes. Defining an efficiency y = I(MA) n (10 m )
R0(m)/PCD(MW), we found that Y > 0-4 is probably adequate to make CW operation
the preferred mode. We have recently completed two-dimensional calculations

Work supported by the U.S. Department of Energy, Office of Fusion Energy.
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of first region (Troyon) tokamak MHO equilibria, generated by LH/FW
combinations. Based on the Fisch-Karney theory with weak ( l inear) Landau
damping, we find a general scal ing law,

Y = [T e (keV)]° - 7 7 [0.034 + 0.196ß],

valid for Zfiff = 1.5, Tg > lOkeV, and for plasma beta (3) restricted to the
first regime. This formula, which underestimates the experimental (LH) value
of Y (at T < 1 keV), does indeed predict Y > 0-4 for high Tfi reactors. A
straightforward application of this Y formula to INTOR shows that PCD = 66MW
is adequate to maintain full current (8.0MA) at "half density", n = 0.7 x
20 3 ^10 m . However, full power operation at the design neutron wall load would

require PCD = 113 MW.
Another means of employing current drive is via the hybrid, or quasi -

steady, operating mode, in which the transformer is periodically recharged at
1ow n as the current is maintained by the driver in the presence of a back
emf. Consider a dwell period when the density is reduced to n', in units of

?0 3 —10 m~ . For a commercial reactor we find Y > 1.4 n' is adequate to make
hybrid operation more economical than the OH burn cycle. We note that typical
LH experimental results at n' = 0.03 yield Y = 0.1 = 3 n', which is thus
sufficiently high to make this an attractive operating mode. Refinements of
the rf current drive theory, including the presence of an electric field, show
that Y is reduced somewhat during recharging, and care must be exercised to
avoid generating reverse runaways. The ASDEX recharging experiments appear in
agreement with the Karney-Fisch theory. Applying these ideas to an INTOR-like
reactor, we conclude that hybrid operation can lead to cost reductions > 15%i ' ~compared to OH operation. In this mode INTOR would require only PQQ = 20 MW
over a dwell period of 240s to recharge the transformer; the reverse field
would be E = 0.01 V/m. In this example we have maintained a high duty factor
(>80%) while minimizing the cost of rf equipment and poloidal field power
supplies. We note that a large variety of optimizations remain to be studied,
including reductions in machine size.
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COMPARISON OF NBI CURRENT DRIVE THEORY
WITH EXPERIMENT AND
THE REQUIREMENTS FOR
EXTRAPOLATION TO NEXT STEP DEVICES

K. OKANO, M. MASUZAWA
Toshiba Research and Development Centre,
Kawasaki

S. YAMAMOTO, M. SUGIHARA, N. FUJISAWA
Japan Atomic Energy Research Institute,
Ibaraki
Japan

1. NBI Current Drive Code The NBI current drive code DRIVER-3A gives the
current profile and the current drive efficiency in a non circular 3-D
toroidal geometory. A beam power deposition code includes the cross-section of
electron ionization, charge exchange, hydrogen and impurity impact ionization.
The circulating fast ion current on each magnetic surface is estimated by a
2-D fast ion Fokker-Planck code, which includes charge exchange loss and
Alfvèn wave effect as well as the slowing down, pitch angle diffusion and
energy diffusion. The backstrearning electron current is determined in
accordance with the finite aspect ratio calculation by Start & Cordey

A quasi 1-D tranport code with a simplified NBI current drive calculation
is also used to analyse some transient phenomena.

2. Comparison With Experiment Clark et al. compared the NBI current drive
experiment of DITE with a Fokker-Planck calculation , and have obtained a
fairly good agreement. We also compared our Fokker-Planck calculation with the
DITE experiment. Using the DITE experimental parameters of Discharge A in
Ref. 3, the driven current estimated by our code is 28-29 kA when the observed
current in DITE was about 33 kA (Table 1). This 12% deviation in the driven
currents is much less than the error estimated in the experiment.

3. Ambiguity of Present Model The ambiguity of the present NBI current
drive theory can be estimated as follows: First, The backstreaming electron
current can be reduced by a neo classical trapped electron effect. The
existence of trapped electrons was not clarified in DITE experiment because
the neo classical effect in the total driven currents was small (15%) owing to
the high Zet-^ (=4.0). In next step devices with a lower ^eff< tne neo

classical effect is important. Without neo classical effect, a large part of
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the beam driven current would be cancelled due to the backstrearning electron
current. Second, with several hundred keV injection, the fast ion velocity
can exceed the Alfven velocity, then the Alfven waves may be generated and
absorb the fast ion energy. The beam ions would be rapidly slowed to the
Alfven velocity ' . The existence of Alfven wave effect is ambiguous because
there is no experiment with such high energy injection to date.

Steady State Operation of INTOR The estimated current drive efficiency
I /P (imp/watts) and Q-value for INTOR are plotted in Fig.l as function of
T . The dotted lines show a very pessimistic case where the Alfven wave effect
and no trapped electron effect are considered as well as the charge exchange
loss with n./n -0.5x10 . The solid lines are an optimistic case with full neo
classical effect, no Alfven wave and no charge exchange. The parameters used
here are: R=5m, a=1.2m, elongation» 1.6, trlangurality=0.3, B -4.96T, I -6.4KA
and ß «5.92% (=5.51 /aB ). The beam energy E^-SOOkeV and R =4.7m (minimum
ma3or radius of beam line). In the optimistic case in Fig.l, the current drive
efficiency attains 0.1 (amp/watts) with Te=231teV and Q over 6 is achievable.
In the pessimistic case, these values are reduced by 30 to 40% and Qmax'4-2-
The most important loss mechanism in this case with E.=500keV is the lack of
neo classical effect. The charge exchange and Alfven wave effect are small in
this case. But with the increase of E^, the Alfven wave effect becomes
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important as shown in Fig.2. If the Alfvèn wave instability is not
suppressive, we have no expectation of efficiency improvement by increasing E,
over 1 MeV.

Throughout the calculation for Figs.l and 2, broad profiles of
temperature and density are used; T=TQ(l-x ), n=nQ(l-x ) ' , x=r/a.
Each neutral-beam power in multi beam-lines is automatically controlled to
keep a fixed driven current profile; j=jQ(l-x ) (Fig.3). A flexible
current-profile controllability of NBI makes such treatment possible. Notice
that more peaked temperature, density and current profiles will result in a
larger Q, but will be unsuitable for the high beta plasma equiliblia.
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4. S t a r t -Up The quasi 1-D t ransport analys is shows that cur rent ramp-up

and i gn i t i on approach are achievable at the same time by the N B I , and about

70% saving of t r a n s f o r m e r swing (Volt-Sec) has been found .

5. Conclus ion The agreement between the simulation and the DITE experiment
is fairly good. The main ambiguities of present model for the extraporation to
larger devices are the existence of trapped electron effect and the Alfvèn
wave instability. The former will be clarified by the experiments of TFTR and
JET. If 160keV D beam is available, the latter can be investigated by JET.
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DRIVER POWER REDUCTION IN BEAM DRIVEN
STEADY STATE TOKAMAKS BY APPROPRIATE
PLASMA SHAPING

K. OKANO, K. SHINYA, H. YAMATO
Toshiba Research and Development Centre,
Kawasaki, Japan

l.INTRODUCTION Current drive power for beam driven steady state tokamaks
has been investigated in a non-circular geometory with a 2-D NBI current drive
analysis code. The beam power, required to sustain the tokamaks, can be
reduced by minimizing the plasma currents with appropriate plasma shaping.
Using the plasma parameters determined by the latest critical beta scaling in
the first stability regime, it was found that increasing plasma triangularity
is very effective to reduce the driver power, while a moderate triangularity
requires a higher plasma current, then a larger driver power to sustain a high
beta plasma. Thermal/Driver power ratio (Q-value) is enhanced up to over 30
with bean shaping, while attainment of Q-20 with Dee shape seems very
difficult. Although the authors have chosen the NBI current drive as a
reference in this study, the present manner to reduce the driver power is
valid for any other non-inductive current-drive methods.
2. DRIVER POWER FOR NON CIRCULAR TOKAMAKS The latest critical beta scaling
in the first stability regime by Yamazaki et al [1], which is obtained by
optimization of pressure and current profiles versus the ballooning mode,
gives the best fitness on date in a wide range of plasma elongation K and
plasma triangularity <5 . Their study has shown that the conventional Troyon
scaling [2] is over-estimating for circular tokamaks and under-estimating for
bean shaped tokamaks. The critical beta ß by this new scaling is shown in
Fig.l as functions of I /B., where B is the toroidal field on the plasma
axis, and Rg » 8m, a » 1.6m, K ™ 2.0 are assumed. Three curves show the cases
of cS=O.S (conventional Dee), 1.0 (Bean), and 1.5 (strong bean), respectively.i
It can be seen that a larger S gives a higher ß retaining ID/Bt' i.e. a
plasma pressure can be supported with a lower I and a lower B . As the I
decrease results in a driver power reduction, the increment of c will be more
attractive in the case of steady state operations.
3. ENHANCEMENT OF Q-VALUE With the beta scaling of Yamazaki et al., fusion
output (thermal) power can be determined by B , plasma size, shape and
temperature (with its profile), once the beta scaling parameter I /B 13
given. The driver power is estimated by the NBI current drive analysis code
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using the required plasma current given by (I /Bt)Bt. The Q-enhancejnent by
triangularity increment is clearly found in Fig. 2, where RQ - 8 m, a - 1.6 m
and K - 2.0 are used again, and T = 30 keV, Efa » 2 MeV and I /B -2.6 are
assumed. With strong bean shaping to"»!. 5), Q-30 and about 1000 MW net
electric output (3000MW thermal output) are simultaneously achievable with a
moderate toroidal field less than S Tesla. On the other hand, if conventional
Dee shape (£-0.5) is used, it seems very difficult to attain Q over 20 with a
reasonable toroidal field. It will be required B over 6 Teala.

In summary, increasing plasma triangularity is very effective to reduce
driver power, while a moderate triangularity requires a higher plasma current
then a larger driver power to sustain a high beta plasma. With strong bean
shaped plasma, Q»30 is achievable with a moderate Bfc « 5 Tesla), while
attainment of Q»20 seems difficult if Dee shape is used.

There are much difficulty to make the strong bean shaped plasma, for
example, the inner pusher coils, vertical stability of plasma etc. But as
shown in this paper, one can expect enhancement Q-value and reduction of
driver power by the bean shaping, in addition to the beta enhancement. The

50



authon believe that achievement of high Q operation is indispensable for the
feasibility of tokamaks in the commercial use, and that the bean shaped
steady-state tokaraaks should be seriously considered in future reactor design.
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EXTRAPOLATION OF NEUTRAL BEAM CURRENT
DRIVE TO NEXT STEP DEVICES

M. COX
JET Joint Undertaking,
Culham Laboratory,
Abingdon, United Kingdom

Neutral Beam Heating has been studied intensively for many years
and its theoretical basis is well developed. Confirmation that the
theory is an adequate representation of the fast-ion behaviour in
experiments has been provided in several ways. Firstly, the
experimentally observed fast-ion energy spectrum (as measured by an
NPA) has generally been found to be consistent with classical beam
deposition and fast-ion Fokker-Planck calculations. Further support
for the theory is provided by the results of the experiments on DITE
which demonstrated NB current-drive for the first time in a tokamak.
Here the theoretically predicted beam-driven current was found to be
consistent with value deduced from the observed change in the loop
voltage. These results confirm that the theory provides a solid basis
from which the CD efficiencies in next-step devices can be predicted.

A full evaluation of current-drive requires the calculation, for
each flux surface, of three distinct effects:

(i) The beam deposition and its associated distribution in pitch
angle.

(ii) The distribution function of the beam ions in velocity space and
-from this the current they carry, I,.

(iii)The magnitude of the reverse electron current, I , driven by I..

The predicted beam-driven current is the sum of lf and I
integrated over the plasma cross-section. Although such a procedure is
necessary to interpret experimental data, it has the disadvantage of
requiring input data which is poorly known for next-step devices e.g.
the radial profiles of T and n for each species in the plasma.
Furthermore, it is easy with this approach to lose sight of the
simplicity and robustness of the underlying results. The aim of the
present paper is to isolate the key issues and to discuss the impact
that they have on the feasibility of NBCD in next-step devices.
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DRIVEN CURRENTS DURING
BEAM HEATING ON TFTR

TFTR GROUP,
Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America

Presented by L.R. Grisham

During recent operation TFTR has achieved injected neutral beam

power of as much as about 18 MW. With a well conditioned limiter and low

initial densit ies, we have observed enhancements in the energy

confinement time of twice and as much as three times those predicted by

Goldston Low-Mode scaling, and we have reached maximum beta poloidals

of about 2. With co-injection only and with counter-injection only, we

have seen signs of beam driven current in qualitative agreement with the

expectations of neoclassical theory. With balanced and near-balanced

beam injection we see signs of significant driven currents. Preliminary

analyses of these currents indicate that they are consistent with the

predictions oj neoclassical bootstrap theory.
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A PRELIMINARY ANALYSIS OF THE JET EXPERIMENTS ON
CURRENT DRIVE BY NEUTRAL BEAM INJECTION AND
ITS FUTURE POTENTIAL

J.G. CORDEY, C. CHALLIS, H. HAMNEN, D. MUIR,
D. STORK, E. THOMPSON
JET Joint Undertaking,
Culham Laboratory,
Abingdon, United Kingdom

Recently, experiments have been completed on JET to investigate the
existence of the beam driven current and to assess whether its scaling with
the plasma parameters agrees with theory.
The plasma conditions for these experiments were as follows, the plasma
current was ,between 1 and 3 MA, the density in the range 0.5 - 2x10l9m-3,
whilst the injection power was up to 10 MW with a beam pulse length of 5-7
sees which ensured that steady state conditions were reached.

The data was analysed in the following manner, using the local ohms law
:~e may derive an expression for the experimental beam driven current

bd expt - foEds

The parameters I and E on the rhs of the above equation are obtained from the
magnetic measurements and the conductivity o which is assumed to be neo-
classical is obtained using the electron temperature from the ECE measurements
and the Z from the visible Bremsstrahlung measurements.

Analysing the data in this fashion it is found that beam driven currents
of up to 0.6 MA have been driven in both the co and counter directions. The
results have been compared with theory for a range of powers and densities and
are found to be in approximate agreement.

One interesting feature of these experiments was the change in sawtooth
behaviour, with co-injection the sawtooth period was substantial increased
from 0.04 to 0.3 sees, whilst with counter injection the period is reduced. A
possible explanation for this behaviour is that with co-injection a broader
current profile is obtained (as predicted by theory) and hence the sawteeth
are more stable whilst for counter injection the current profile is narrower
and the sawteeth more unstable.
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Experiments have also been started on sustaining the current entirely by
N3I by injecting into the ohmic plasma current decay. At the present time a
current of 0.6 MA has been maintained for some 6 sees by the beams alone and
it is planned to extend this to 10 sees in the near future.

Turning to the future potential of NBI to drive currents in JET, with the
addition of one extra beam box we find that a current of order 2 MA will be
sustained at a density of 2x10l9m-3.
The magnitude of the current is found to be only weakly dependant upon the
Z since in a pure plasma neoclassical effects become significant and reduce
the back electron current. The beam driven current profile is very much
broader than the ohmic profile for most conditions and hence should have a
stabilising effect on the sawteeth.
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COMPARISON BETWEEN EXPERIMENTAL AND SIMULATIONAL
RESULTS ON LOWER HYBRID CURRENT DRIVE

1. COMPUTER SIMULATION OF THE
CURRENT INITIATION OF THE RF TOKAMAK

T. MAEKAWA
Kyoto University,
Kyoto, Japan

By injecting the LH wave into the microwave discharge plasma
at the electron cyclotron (EC) resonance in VT-2, the plasna

current is generated, started up to Ip=9 kA, and sustained by

rf power alone, v i t h o u t OH power (rf tokanak). In order to

understand the physical mechanism of current initiation process of
the rf tokaaak, two dimensional Fokker-Planck equation, which
includes quasilinear diffusion terms of EC wave and LH wave,
particle and energy losses, is solved computationally.

The calculations show the following results; In the initial
EC heated plasma, the applied vertical field BV cancels the
toroidal drift for some electrons, that is electron confinement

is asymmetric along the toroidal direction. Thus, net current is
generated to produce the poloidal field and the electrons

are confined in an equilibrium position. The dependencee of

generated currents on Bv qualitatively agrees with experimental
results. Further, the electrons, which are accelerated in the
perpendicular direction by the EC wave, are pitch-angle scattered

by Coulomb collision' t1 o the parallel direction and

qua s i l inear ly interact with the LH wave having high phase

v e l o c i t y , resulting in a toroidal current start-up.
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2. VERIFICATION OF THEORIES WITH
ASDEX LHCD DATA

K. YOSHIOKA*, H. MATSUURA**, T. OKAZAKI*,
T. YAMAMOTO***, M. SUGIHARA***,
N. FUJISAWA***

"Hitachi Ltd,
Ibaraki

**Kyushu University,
Fukuoka

***Japan Atomic Energy Research Institute,
Ibaraki

Japan

Two models are compared vith ASDEX LH current drive experimental
data under the presense of DC electric field. The first model is

a numerical code in which the radial dependence of rf power
spectrum is analyzed on the basis of 1-D Fokker Planck equation.
The second model is an analytical one in which the adjoint equation
to the 2-D Fokker Planck equation is analytically solved and the
figure of merit JN/PN is derived considering the finite spread

of wave power spectrum in n-para space.
Prior to the analysis of experimental data, the launcher wave

spectrum has been modified to take account the so-called spectrum
gap, such that the steady state ( E„ = 0) rf driven current coincides
with that of experiment (Ip=300 kA). The resulting spectrum
extends from n^=1.5 to 6.0. Consequently, the values of JN/PN
predicted by both models at E,, =0 agree with experimental value

within the factor of 0.8.
The dependence of JN/PN on E „predicted by 1-D code fails to

coincide with that of experiment, whereas the second model based
on the adjoint method correctly predict the experimental tendency in
the low density regi'm'e ( ne ^ 1.5X10 13 cm3).
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RF CURRENT RAMP-UP AND COMPARISONS
WITH EXPERIMENTS

C.F F. KARNEY
Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America

Theory
If rf waves are used to ramp-up the plasma current in a tokamak or to

recharge the transformer then a dc electric fi»ld is necessarily present in
the plasma. This electric field, which opposes the rf driven current,
comoetes with collisions as a mechanism for slowing down electrons. The
object of the theory is to derive an equation for the resulting rf driven
current J(S,E).

Such a theory has been given in Refs 1 and 2. It treats the case where
the waves interact with the electrons, i.e. an r-f induced flux S of electrons
in velocity space is created.

No assumptions about the magnitude of the electric field are made and a
full two-dimensional treatment of the Boltzmann equation is given. The
approximations are as follows : the magnetic field is taken to be uniform ;
soatial effects are ignored; and the collision operator is approximated in the
hign velocity unit.

Comparison with Experiments
Given the rf induced flux S(v,r,t), the theory allows the time and space

development of the current profile to be computed. In practice, however, such
detailed information about S is lacking. The comparison of theory and
experiment is then facilitated by integrating over the plasma volume, and
averaging over time. The underlying assumption is that the waves are absorbed
by plasma with a relatively narrow range of density and temperature and that
the plasma conditions do not vary in time very much. In addition, the
comparison Is simplified if rf induced runaways are ignored thereby ensuring
that the current response function is local in time.

With these approximations, the comparison is insensitive to the model
used for wave deposition. Indeed it is only necessary to know what fraction
of power is absorbed and at what phase velocity. We vary these parameters in
order to optimize the fit to the theory.
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Such a fit has been made for data from lower hybrid experiments on PLT3 ' *
and Alcator C5. It is remarkable that a good fit to the experimental data is
achieved despite the fact that the data encompasses a wide range of plasma
discharges.

Limitations
We conclude that the theory correctly describes the basic physics of rf

current ramp-up. It is important to remember the limitations of the theory :

(1) The theory requires that S be specified. This may be done with a
combination of ray-tracing and Fokker-Planck codes. However, there are
aspects of lower-hybrid wave propagation that are poorly understood.

(2) The theory distinguishes bulk from tail electrons. Such a separation may
not be possible with sufficiently non-Maxwellian distributions.

(3) Spatial effects need to be included when applying the theory. In
addition the transport of fast electrons (i.e. the rf-driven current)
needs to be determined.

(U) Transient effects need to be included when applying the theory. It is
expected that the theory should then give an enhanced ramp-up efficiency
during the first 50 ms of the rf when the ohmically generated forward
runaways slow down. (This effect was observed on PLT and Alcator C).
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PLASMA CURRENT RAMP-UP AND OH RECHARGING
EXPERIMENTS AT HIGH DENSITIES ON ALCATOR C

Y. TAKASE, S. KNOWLTON, M. PORKOLAB
Massachusetts Institute of Technology,
Cambridge, Massachusetts,
United States of America

Plasma current ramp-up and OH transformer recharging using lower-hybrid
waves in a high density regime (ne > 1 x 1019 m~~ 3) is investigated on the Alcator C
tokamak. While efficient ramp-up1 and OH recharging2 have been demonstrated in
a lower density regime (ne < 1 x 1019m~3), these densities may not be attainable
during the operation of a reactor unless an effective method of controlling recycling is
found. Thus, it may become necessary to ramp up or recharge at densities rïe > 1 x
1019 m~3 . On Alcator C, a time-averaged ramp-up efficiency W/Prf of 20%, where
W is the poloidal field energy, has been obtained at a density of ne = 1.6 x 1019 m~3

with a moderate rf power level of 260kW. The ramp-up efficiency is maximized with
typically two to three times the rf power required to maintain a steady state current.
We have found that the maximum ramp-up efficiency obtainable is a decreasing
function of density. The electron temperature profile was measured in a typical
ramp-up plasma, and the kinetic stored energy was found to increase during the
ramp-up. The effective absorption efficiency of 7?e// — 0-6 (with direct electron
tail losses subtracted out) and the average n\\ of (n\\) ~ 3 adequately describe the
experimental conversion efficiencies when fitted to the PeilPin vs. vp^/vr curve of
Fisch and Karney,3 and these numbers are consistent with our estimates. However,
these numbers cannot be determined uniquely from our database, and some features
such as the deterioration of the ramp-up efficiency with increasing density are not
predicted by the Fisch-Karney theory. Ramp-up rates of over iMA/s have been
obtained when rf current ramp-up is applied to an ohmically maintained plasma.
In this mode of operation, rf energy can be utilized effectively in ramping up the
plasma current. Lower-hybrid current drive can also be used to maintain the plasma
while recharging the OH transformer. A recharging rate of 8kA/s was obtained at
a density of ne = 'l.6 x 1019 m~3 with an rf power level of Prf = 510 kW. The
conversion efficiency Pei/Prf during recharging was found to be comparable to that
during ramp-up. The present work demonstrates the feasibility of both ramp-up
and OH recharging at densities ne > l x 1019 m~3.
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2F. Leuterer, et al., Phys. Rev. Lett. 55, 75 (1985).
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NUMERICAL STUDIES OF LOWER HYBRID CURRENT
RAMP-UP IN ALCATOR C

P. BONOLI, Y. TAKASE, S. KNOWLTON, M. PORKOLAB
Massachusetts Institute of Technology,
Cambridge, Massachusetts,
United States of America

We have utilized a simulation model1'2 for lower hybrid current drive and current

ramp-up to study current ramp-up experiments in the Alcator C device. The model

incorporates a one—dimensional transport code, a parallel veloci ty ( l ' y ) Fokker Planck cal-

culation, and a toroidal ray tracing code. The transport code assumes an electron thermal

diffusivi ty of the form3*?H = x?AN° and *fF = Me • x!AN°> where A/e > 1 is chosen to

reproduce the experimentally observed electron temperature profiles and X^ANG oc n"1.

The Fokker Planck calculation allows for an arbitrary perpendicular temperature Tj_

due to pitch angle scattering, retains the effect of the DC electric field E\\, and con-

tains a phenomenological loss term of the form .Fe(r, uy ) / T L . Here r^ is the confinement

time of the suprathermal electron tail and is taken to be of the form4T£, = r073, where

TO =s re = (3 — 4)m5 for the discharges being modelled. The toroidal ray tracing uses

a Shafranov equilibrium and includes multiple radial reflections of the lower hybrid ray

trajectories.

" The problem of the spectral-gap during lower-hybrid current drive and ramp-up [i.e.,

u,, = c/n|| ^> (2 — 3) x ve] is resolved by the toroidally induced increases in the parallel

refractive index of the injected waves2, calculated in the ray tracing. Centrally peaked RF

current profiles (i.e., JRF close to the ohmic profile are found to be important in order to

reproduce'the experimentally observed current ramp rates. Although the Fokker-Planck

ray tracing profiles for JRF are peaked off-axis", a centrally peaked profile can be realized

by considering the spatial diffusion of suprathermal electrons. This effect is important

because the slowing down times T$ for suprathermal electrons at ne ~ 4 x 1019m~3 can

be TS == (8 — 30)m5 for electron energies in the range E = (150 - 350) keV. This is

considerably longer than a spatial diffusion time TJ ~ rf. A diffusion equation for the RF

current is then solved which yields centrally peaked profiles for JRF- The corresponding

profiles for dissipated RF power density 5j due to collisional slowing down of the fast tail

electrons will also tend to be peaked. This redistribution of Sj(r) is found to be important

in reproducing the experimentally observed electron temperature profiles.
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An evolution equation for the poloidal flux function 4'(B& = cty'/<9r) is solved subject

to the boundary condition \r
p(a,t) = Vezt — Lextdlp/dt, where Vext is the voltage induced

at the plasma edge by changes in the current flowing in the equilibrium, vertical field coils.

The contr ibution of Vext is found to be important in the first 10 ms of the ramp-up phase

due to the rapid increase in plasma pressure caused by the build-up of the electron tail

after RF turn-on (3p
tai ~ ßp for these discharges].

For a ramp-up scenario on Alcator C at fif = 3 x lQ19m~3,B^ = 9T, hydrogen gas,

Teo =s lAkeV,Zeff = 1.5, a = 0.165m, R0 = 0.64m, Pin = 460fcW, and Ao = n/2, we find

a ramp rate of ïf = IBQkA/s and an efficiency r)el = [d(l/2LtIj)/dt]/PRF - 6.5%, where

Lt = Lexi + Lint. Here TL - (473)ms,Tj_ = 75keV,IRF = 132k A (with a positive RF

current of 182 kA and a negative RF current of 50 kA), and Wtaii ~ 0.96/cJ. The absorbed

RF power is 382 kW with 27 kW going to collisions at the plasma edge. The electron tail

loss is 74 kW and the power dissipated in the bulk plasma is 281 kW. A value of Me = 1.1

was required and the total energy confinement time decreased from 6.3 ms to 3.2 ms.

1. R. C. Englade and P.T. Bonoli, in Radiofrequency Plasma Heating, edited by D. G.

Swanson, (AIP, NY, 1985) p. 151.

2. P. T. Bonoli and R. C. Englade, Phys. Fluids 29, 2937 (1986); P. T. Bonoli and R.

C. Englade MIT Report PFC/JA-86-5, 1986.

3. W. M. Tang, Princeton Report PPPL-2311, Jan. 1986.

4. H. Mynick and J. ^trachan, Phys. Fluids 2A 695 (1981).
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LOWER HYBRID CURRENT DRIVE IN PETULA:
PARAMETRIC DEPENDENCES AND TRENDS

PETULA GROUP,
Centre d'études nucléaires de Grenoble,
Grenoble, France

Presented by C Gormezano

Current drive studies have been performed at 1.3 GHz (P^F" ^°° kw^ and ac

3.7 GHz (PHF < UOO kW) on a wide range of densities (0.7 £ne$ 10 10'9 c^~3)
and of magnetic fields (1.2 <BT< 2.8T)
1. CURRENT DRIVE EFFICIENCY

. At low density (f - 1.3 GHz), the dependence of the efficiency «rith
N// and the magnetic field has been found in very good agrément with
theoretical estimates assuming that the inaccessible part of the wave
was not coupled to the electrons. At higher density (f - 3.7 GHz) sucri
an agreement is only qualitative.

. Efficiency depends strongly upon the residual electric field, as
expected from HF conductivity. At high density and at high N//, this
deoendence weakens.

. Efficiency at 3.7 GHz was found lower than expected (N// upshift from
1.7 to 2.1?).

. Very low efficiency is observed when a wide N// spectrum is used.
- 2. At f - 3-7 GHz and for zero loop voltage, efficiency scales as N//

. Globally good agreement (within a factor of 2) with Fisch and Karney
estimates. But a strong magnetic field dependence is noted.

. Role of Tg is not clear. IHF saturates while Te still increases
slightly. But efficiency drops at low plasma current when Tgis too low
at the plasma periphery (gap problem?).

2. DENSITY LIMIT

. At f - 1.3 GHz, density limit is clearly observed to be between
ne- 1.5 to 2 10(13 cm"3

. At f - 3.7 GHz, significative loop voltage droo (AV/V - 20%) is still
observed at n = 10'" cm"3 (Pup-- 400 kW). Fast neutrals and neutron
signals are too weak to be used. From parametric decay waves, aensity
limit of 8 10 1 3 cm"1 is inferred (nQ - fa with a • 1.7 - 2).

3. LOCALISATION OF THE CURRENT

. At low density, the plasma inductance varies strongly upon the HF power
and the N// spectrum. At higner densities, the inductance variation is
offset by the large increase of the poloidal beta (no comparison with
theoretical models has been attempted).

. Feedback control of the m » 2 mode has been attempted at low density
indicating tnat part of the HF current was produced at the plasma
periphery.
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. Large changes in the MHD behaviour are observed, (together with <W/V in
the range of 30* to 50Ï), at high densities ( 3 - 6 10 1 3 cm'3) and with a
low ^//spectrum (-1.7). But ray tracing code indicates that only waves
with N// > 2 reacn the plasma centre at n - 3 10 1 3 ca~3 and with N// >
2.3 at na =• 6 10'3 cm"3 (propogation of the wave beyond accessibility ?
N// upsnlft ?)

. At low density (with a narrow N// spectrum centered at 1.7), a widening
of the q = 1 surface is observed and a shrinkage of it at hign density :
this may indicate localisation of the HF current in the outer part of
the plasma.

. As well, sawteeth supression is observed at densities up to 6 10''cm"3
with a wave spectrum centered at N// - 1.7, while such a supression was
not ootained at N// • 2.7 : HF current at the plasma periphery ? role of
energetic electrons in the control of the m » 1 MHD activity ?

H. PLASMA CURRENT RAMP-UP

. Owing to the long decay times resulting from the iron core transformer,
ramp-up studies have been made in the "constant flux" mode of operation,
i.e. keeping the loop voltage at a predetermined level (zero for
instance).

. With VL - 0, rarap-up rates of 250 kA/sec have been obtained together
with a poloidal efficiency of IDS.

. Current rarap-up dependence with the residual E field, including negative
loop voltage, has been studied.

. Dependencies of the overall gain of flux consumption with density and
with the time of application of the HF have been studied. Maximum flux
saving is obtained when HF is applied very early. Increasing density
(up to ne = 6 10 L 1 cm"7) on top of a low density, HF sustained current
discharge, allows the flux consumption to be significantly decreased
(the corresponding analysis is under way).

5. TRENDS
. LKCD efficiency at I » c*", VL - 0 is not very effective.
. Optimum efficiency is obtained when HF conductivity can be used (low

density, low N//, relatively low HF power).
. Large flux saving, or large poloidal efficiency, is obtained when HF is

applied during the rise-up phase of the plasma current (at low density,
the density being eventually increased during the plateau).

. LHCD most effective for plasma current profile control.
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LOWER HYBRID CURRENT DRIVE ON ASDEX:
EXPERIMENTS AND MODELLING

F LEUTERER
Max-Planck-Institut fur Plasmaphysik,
Garching, Federal Republic of Germany

LH-current dr ive has been studied in Asdex in two modes of operat ion :
either wi th the primary current I_ kept constant and the plasma current beingOn
allowed to vary with time, or vice versa. Thus plasma current ramp-up, ramp-
down and steady state current drive situations were obtained, and also OH-
transformer recharging or OH-assisted current drive were studied.

There is a continuous transition between these various regimes, depending
on density and rf-power. For the case of steady state current drive, i.e.
* fI -0 and I -0 and thus E»0, our results with respect to the densityOH p
dependence of the required power can be understood on the basis of the
existing steady state current drive theory, taking the charge in accessibility
as a function of density into account. The density dependence is reasonably
well described by theory, although the experimental efficiency is about a
factor of 2 to 2.5 lower than theoretically expected. However, considering
the crude model underlying the theoretical estimate (without consideration of
any profiles), one shouldn't expect more.

The situation with EtO, i.e. the ramp-up, ramp-down, recharging or OH-
assisted current drive cases can be reasonably well described using the model
of rf-enhanced conductivity, which leads for high rf-powers to a saturation of
the ramp-up or the recharging rates. The fitting parameter used to fit
experimental points to theoretical curves lead to a value of v ./v.. - 15ph tn
which is within the applied spectrum. Enhancement of the conductivity due to
bulk heating is not sufficient to explain the observations. Recharging- and
ramo-up-efficiencies show a maximum as a function of rf-power and tend to
decrease with density, again in agreement with the model of enhanced
conductivity.

LH-current drive leads to a broader current density profile as does
inductive current drive. This was observed through magnetic measurements,
through stabilisation of sawteeth, and also directly through a Li-bean
technique. Simultaneously, the electron temperature peaks w.r. to the Ohmic
case. This means that the current density profile is no longer linked to the
electron temoe^ature profile. In a series of experiments where the
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Nn-soectrjm «as shaped in such a way that gradually more and more power was
shifted to highe1" N« it was observed that the current drive efficiency
decreased, which can be understood on the basis of the current drive theory.
In soite of this reduced current drive, however, the reduction in ii was
stronger, indicating an absorption more peripherical for higher N H than for1lower N « .

In order to describe this situation correctly we clearly would need a
reliable power deposition model resulting in absorption- and current-density
profiles. Such a model is however not yet available.

The above results are described in more detail in the following papers :

F. Leuterer et al., Phys. Rev. Lett. 55 (1985) 75,
F. Leuterer et al., Plasma Phys. and Contr. Fus., 2_7 (1985) 1399,
F. Leuterer et al., 12th Europ. Conf. on Contr. Fus. and Plasma Physics,

Budapest 1985, Vol II, p. 240,
F. Leuterer et al., 13th Europ. Conf. on Contr. Fus. and Plasma Physics,

, )

Schlie-see 1986, Vol II, p. 403,
K.Mc Cormick et al., 13th Europ. Conf. on Contr. Fus. and Plasma Physics,

Schliersee 1986, Vol II, p. 323,
F. Söldner et al,, 13th Europ. Conf. on Contr. Fus. and Plasma Physics,

Schlieraee 1986, Vol II, p. 319,
F. Leuterer et al., Course and Worksnop on RF-Heating in Tokamaks, Varenna

1985, Vol II, p. 633-
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EFFICIENCY OF VOLTSECOND SAVING
IN COMBINED OH/LH-CURRENT DRIVE

F. SÖLDNER
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

Sustainment of the total plasma current by LH alone would
require very high rf power for a reactor size tokamak and seems
therefore mostly excluded. An attractive alternative might be
the combination of inductive and rf current drive where the LH
replaces part of the otherwise needed OH power and therefore
saves voltseconds in the primary OH transformer. Experiments in
this mode of operation have been performed in ASDEX with LH
current drive at 1.3 GHz with P < l MW, 1.5 s pulse duration.LH
In these experiments the plasma current was kept constant at
its flat top value by feedback regulation of the OH primary
circuit.

1. Transient behaviour

With directional LH waves a qualitatively different time behav-
iour of plasma parameters is observed than with stationary LH
waves. An overshoot in the drop of the loop voltage is observed
for high power LH current drive while at low power LHCD and
with symmetric spectra (LH heating) the loop voltage decreases
asymptotically to its final steady state value. The difference
is explained by inductive effects related to the modifications
of the current profile in the case of LH current drive. During
LH current drive at low LH power where the residual electric
field is high, the current profile peaks compared with the
Ohmic profile whereas at high LH power and then small dc elec-
trical field the current profile j(r) broadens. This has been
measured on ASDEX directly by a Li beam diagnostics and is also
seen from the relative changes of the internal inductance as
determined by magnetic measurements. The broadening of j(r)
leads to dissipation of part of the poloidal magnetic field
energy during the nonstationary phase when dL/dt < 0. This
leads to an apparent high "current drive efficiency" during the
initial phase of LH current drive. This has to be taken into
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account especially in the case of LH current ramp up where a
continous change of the current density profile is expected.
Long rf pulses (£ 1.5 s) were applied in ASDEX in order to
determine the efficiency of combined OH/LH current drive during
the steady state phase.

2. Efficiency of combined OH/LH current drive

The current drive rate increases nonlinearly with the LH power
and saturates at high PTTJ. Only at low LH power high effi-LH
ciencies for replacement of OH-power by LH power can be
achieved. In this case the increase of the electrical conduc-
tivity by the generation of suprathennal electrons by the LH
waves improves the OH current drive efficiency. Therefore con-
version rates -^P^U/PTU > 1 mav be obtained. (-AP =» drop inUn Lti Un
Ohmic power input upon LHCD, P = transmitted LH power). AtLn
high density the relative drop in the Ohmic power is small for
LH powers where the efficiency for the use of LH power (-AP /
PTU) is still high. At low densities both, the reduction of OHLH
power and therefore 'saving of voltseconds and the conversion
rate of LH power can be high. In ASDEX for n £ 0.5 x 10 cm
nearly cumplete LH current drive can be obtained with a conver-
sion rate - A P / P > 1.
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COMPUTATION OF RAMP-UP EFFICIENCY
IN LOWER HYBRID CURRENT DRIVE*

V.S. CHAN
GA Technologies, Inc.,
San Diego, California,
United States of America

One way of calculating lower hybrid ramp-up efficiency is to use the single
particle Langevin equation as discussed by N. Fisch and C.F.F. Karney [Phys. Rev.
Lett. 53, 897 (1985)]. An alternate way is to use the Fokker-Planck quasilinear
equation including an Ohmic electric field.

In the presence of rf, one can derive a generalized Ohm's law governing the
evolution of the plasma current during ramp-up

(1)

where Vrf = e J_^>Q £>LH (df/dv^ describes the rf driver, v^g is the effective collision
rate taking into account nonthermal components and £ = (a2u>jj/4c2)[£n(8 RQ/O) — ̂ ]
is the plasma inductance. Runaway electrons have been neglected which is valid for
small electric field. The electric field is related to the current by

<2>
These two equations coupled with the Fokker-Planck code can be used to quantify the
current drive efficiency. The Fokker-Planck code is used to generate a constitutive
relationship between E and J with applied power as a parameter. Corresponding
information on Jrf and P0, the rf current and rf power absorbed, is also needed. In
the case of rf ramp-up, a 'back electric field is induced when rf is first turned on, the
efficiency given by

.
"D

can be computed knowing all quantities on the RHS. This method is illustrated using
typical PLT parameters.

*This is a report of work sponsored by the U.S. Department of Energy under Contract
No. DE-AC03-84ER53158.
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CURRENT DRIVE SIMULATIONS

O DE BARBIERI, A NOCENTINI
Max-Planck-Institut fur Plasmaphysik,
Garchmg, Federal Republic of Germany

\ subroutine, JPHICD, to be used together with the 1-D tokamak transport
cods MINI3ANG developed in the NET team, has been written in order to simulate
current drive and electron heating by Lower Hybrid (LH) waves in the presence
of radial transport in tokamaks.

Tne subroutine relies on the non-relativistic 1-D theory of LH current
drive and electron heating. Run-away effects are neglected. The parallel
velocities of the resonant electrons are assumed to be much larger than the
electron thermal velocity and to point all in the same direction. The
corresponding wave spectrum is taken to be intense enough to produce a plateau
in the electron distribution between the minimum and maximum resonant parallel
velocity, v and v , respectively. The subroutine is called by MINIBANG at
every magnetic surface; it calculates the current density j driven, theLH
power density p absorbed by the electrons and the electric field. TheLH
subroutine takes consistently account of the accessibility condition and the
finiteness of the available RF power P. „. The control on the power is obtainedLH
by letting j and p. go to zero beyond a given distance from the wall. ThisLH Ln
is done by the subroutine itself imposing that v tend to v for r < r , thel z. LH
"penetration radius" r being consistently calculated in such a way that theLn
absorbed power is maximised with the constraint that the absorbed power is not
larger than the available power. Of course, r > 0 only if the availableLn
power is completely absorbed in a layer smaller than the plasma radius.

Numerical simulations of the ASDEX benchmark cases have been performed. In
order to separate the problem of current drive from that of radial transport
of particles and heat, the density and temperature profiles were kept fixed,
while the current profile evolved in time.

The method used in the simulations of the DATA SET ASDEX A was the
following: First the ohmic phase of the discharge was simulated to get a
radial profile of Z (with the constraint Z of the order of 3) consistent
with the resistivity (chosen slightly larger than the neoclassical one) and
the experimental value of the loop voltage V. Then, keeping either Z ff(r) or
the impurity density profile fixed, the effect of LH waves was simulated
trying to reproduce the experimental value of the loop voltage. The parameter
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adjusted to do this was v, - c/ni . In all cases considered the value of\ i , max
n» obtain[1 t ÎÎ13 X
at the grill.
n» obtained, typically 4.7 + 6, was much above the actual value of n 1[1 t ÎÎ13 X | t (H 3 X

Furthermore, a parametric study of the dependence of the loop voltage V on
the applied LH power, keeping everything else fixed, was performed and the
results were compared with the experiments which provide the rate of change
of the transformer current, !-„, in terms of P (DATA SET ASDEX B). The case

1 - ,UH LH
N - 0.9 • 10 particles/cm , I - 300 kA, T (0) =• 1.6 keV was considered. Ate e
low values of the power, the whole available power is absorbed, and V is a
function of P, ,, which is almost independent of the chosen value of niLH p 1 ,max
(and weakly dependent on variations of T , N and Z .„). These results are in6 6 6 1 I
reasonably good agreement with the experimental findings. Above a critical
value of P T U, which strongly depends on nn , the absorbed power does notLn |J , ma x
increase anymore and the value of V is constant, that is saturation is
reached. The saturation value of V is weakly dependent on N and Z , but
strongly on n. and T (in a typical case, a 10Ï higher centraly ,max e
temperature leads to a 5 to 7 times larger value of V, depending on the
temperature profile). Hence, it is difficult to .compare numerical and
experimental results in this range. Note that such a saturation of the
absorbed power has been observed in PETULA.
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POWER DEPOSITION PROFILE IN LH HEATED
OR DRIVEN PLASMAS

E BARBATO, V ZANZA
Associazione EURATOM-ENEA sulla Fusione,
Centre Ricerche Energia Frascati,
Frascati, Rome,
Italy

A code based on a simple model has been developed to get the power
deposition profile and the current in LH heated or driven plasmas, at the
steady state.

WKB treatment based on the warm plasma electromagnetic dispersion
relation is used in a cylindrical plasma in order to get the absorbed power
during the first inward pass. The equation for the radial component of the
power flux spectrum is solved together with the ID quasilinear equation for
the electron and ion distribution functions.

The model has been applied to FT heating experiment at 2.45 GHz as well
as to ASDEX CD experiment at 1.3 GHz.

Some agreement is found in the first case between the code predictions
and the experimental findings. The model provides that, at the beginning of

/sRF pulse (T = 1 . 8 keV), 50% of the injected power is absorbed, while in
the heated phase (f = 3 keV) 70% of the power is absorbed. This is
consistent with g measurements performed on FT.

A CO scattering experiment on LH waves has been done on FT; the
measured spectrum, at the plasma center is compared with the calculated
one. A qualitative agreement is found in the shape of the measured and
calculated spectrum both showing that the high n part of the launched
spectrum is depleted.

At higher density absorption by a minority of hydrogen begins to play a
role preventing the electron wave interaction. A density l i m i t

14 -3(n = 1 10 cm ) a factor 2 higher than the experimental one
(n = 5 10 cm ) is found in this way.

Then the model has been applied to a ASDEX shot, where a current of
300 kA was driven, at the steady state, by 375 kW of injected power. Since
the launched spectrum is very narrow, adding a tail to it up to n,, = 5.5
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is required to drive the prescribed current. However the same current can
be driven with different spectra, e.g. with a box shaped spectrum extending
up to n ,1 = 5. Since the model does not take into account the increasing of
the perpendicular temperature of the current carriers probably a less n«It
broadening is really needed.

73



THE NON-LINEAR PICTURE OF LH WAVES AND ITS
IMPLICATIONS FOR THE EXPERIMENTS

E. CANOBBIO, R. CROCI
EURATOM Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

The results of a number of studies show that the ponderomotive nonlinearities
inherent to LH wave propagation and the pecularities of RF power deposition
as a function of space determine the whole picture of wave propagation which
offers a plausible interpretation of the experimental evidence including k-
spectrum upshift and density limit.

A) The non-linear equation used by Karne-y et al. (1979, 1981) to describe
high field, single ray electrostatic LH wave propagation at the plasma edge,
is used here in the stationary non dispersive weakly non-linear limit appro-
priate for wave propagation inside the plasma, with inclusion of the possibi-
lity of a spatially localized energy dissipation term. This yields a self-
consistent field distribution which otherwise, in the absence of wave reflec-
tion, would not exist. The wave equation then determines position and form of
the surface of maximum absorption. It has two branches, which merge in a cusp
line. One branch is the caustic of the non-linear, absorption-free problem,
whose form and position depends on the spatial distribution of the injected
field amplitude. The second branch is a consequence of the first. The inter-
ceptions of the rays leaving the source by this surface determine the power
absorption distribution on it.
The radial distance of the cusp line from the plasma surface, 1,determines

the magnetic surface within which power can be deposited. Within a
form factor the expression of 1 coincides with the expression of the "self-
focusing" distance of Karney et al., which is independent of thermal disper-
sion.

B) Inclusion of a localized dissipation term in the propagation equation is
motivated by the following arguments.
1. Linear depletion of the high-k part of the spectrum of the resonance cone
is a process prevailing on the peripheral plasma zone and leading to the sprea-
ding of the rays, thus preventing central power deposition, whatever shape
is given to the grill spectrum.
2. Such a high-k depletion is counteracted by the ponderomotive effect, a
"secular" process which progressively enriches the high-k part of the spectrum
and eventually gives rise to an "explosive" high-k production when approaching
the caustic of the non-linear field.
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3. The lacter efface results in an abrupt absorption as the high-k part of
the diffusion coefficient stretches the plateau in the particle velocity di-
stributions down to small velocities, thus exponentially increasing the num-
ber of interacting particles. The presence os such a surface of strong absorp-
tion violates the condition of weak dissipation tacitly assumed in all pre-
vious treatements of the non-linear LH problem.

C) Comparing the distance of the region of maximum absorption on the absorp-
tion surface from the plasma surface - a few times 1 - with the plasma minor
radius, yields a criterion for central versus peripheral power deposition.
As a condition on the plasma density it provides the scaling and the value of
the density limit. The usual f scaling is recovered,but with a weaker A-de-
pendence than previously deduced in the literature, and a dependence on rf
power and the dimensions of the system which clearly favours small scale
experiments.
D) Finally, we have considered which particle species is prefentially ener-
gized by the wave. The (k,v«_) vs (k̂ v̂ ) criterion holds true only for
single- line k-spectra. In the more general case of multi-line k-spectra no
such simple criterion exists, because of the finite width of the lines and
the different extension in the velocity space of the QL ion and electron dif-
fusion coefficients. Work on the derivation of the form of the QL diffusion
coefficients is in progress.
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TWO-DIMENSIONAL QUASI-LINEAR MODELLING
OF LOWER-HYBRID CURRENT RAMP UP

S. SUCCI
European Centre for Scientific

and Engineering Computing (IBM/ECSEC),
Rome, Italy

K. APPERT, J. VACLAVIK
Centre des recherches en physique

des plasmas (CRPP/EPFL),
Lausanne, Switzerland

The remarkable progresses recently made in the domain of unsteady Lower-Hybrid current drive have
provided a considerable impetus in the dcvclopcmcnt of theoretical models describing the behaviour nf
plasma electrons under the simultaneous effects of RF power and an opposing d.c. electric field.

Recently a new code, ,4D/-E/?(Anomalous Dopplcr Lausanne Electron Runaway) has been developed nl
CRI'P Lausannc.which solves forthe simultaneous evolution of the electron distribution function f(v , v )
and the sclf-consistcnlly generated wave spectrum \V(k ,k ) both in two dimensions. A very detailed
information on the plasma dynamical response is therefore available without making any simplifying
assumption on the shape of the distribution function.

We report here on some numerical results obtained running ADLIÏR on a IBM 31)901200 with Vector
feature machine, for a set of parameters typical of the PLT tokamak.

We have made a few paramctrical studies scanning on the total RF powcr.thc plasma density and the
effective ion charge stale Z. In addition the possible implications of a time varying electric field have been
briefly investigated. The main indications emerging from these study arc listed below.

The evolution of the plasma current is characterized by three distinct stagcs.In the first one (t = Te/-),i-t
and vj arc the boundaries of the RF spectrum) the current drops rapidly due to the back acceleration
suffered by the bulk clcclrons.Subscquently (TV]3 < t < tvj3). an effective ramp-up stage takes place which
corresponds to the formation of the quasilinear plateau under the effect of the RF power. After the
ramp-up phase the current saturates and possibly drops down due to the appearance of RF produced
runaways.

The ideal conversion efficiency .defined as T\ = EJ//v/, (prf being the power density), is never found to
exceed top (at thee/jrf of the ramp-up stage) values around 5 to 10 % according whether the runaway
contribution is included or not. This contribution has a clear tendance to increase with increasing values
of the effective ion charge state,and can entirely dominate the discharge already for Z = 3. On the other
hand these runaways arc found to acquire high perpendicular tcm|Kraturcs (40 Kcv) and they probably
leak out of the torus before screening the current ramping. In this case the conversion efficiency conU
reach values around 15%,tli^is closer to the experimental observations.

A quali tat ively different picture is obtained if the electric field is allowed to vary in time nccoiding lo
Ampere's law : U = -l.dJ/dt.

Apart from a sensitivity on the initial conditions , the main difference with respect to the ca.sc of constant
electric field is that the strength of the electric field tends to vanish as the current approaches the slc.-uly
slate value . This means that the final phase of the ramp-up stage tends to be less runaway-affected ami
consequently higher values of the current arc accessible. However also in this scenario the cases examined
did not yield values of n greater than 10%,(wiih Z= 1). This happens because the electric field fall-olf is
apparently loo rapid so that too small values of II occurr in conjunction with high values of current. In
any case,these preliminary results indicate that the time variation of the electric field should not be excluded
from a dynamical analysis aiming to entail the svhole duration of the discharge.
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FAST WAVE CURRENT DRIVE EXPERIMENT
ON THE JFT-2M TOKAMAK

T. YAMAMOTO
Japan Atomic Energy Research Institute,
Ibaraki, Japan

First, a 200 MHz fast wave (FW) experiment for
the JFT-2M tokamak is examined theoretically.
Noticeable single-path electron Landau damping of
the FW with the parallel refractive index of N u =
4 is expected in the plasma with electron
temperature more than 2.5 keV at the electron
density of ne= 1.5X 1019 nf3. In addition, it is
predicted that an 8 kA of the plasma current is
driven by the FW with N n =2 at ne = 3X 1019 m'3 in
single-path damping when 100 kW of the rf power
radiates into the plasma in the presence of hot
electrons with the temperature of 19 keV and the
fraction of the density of 2 %.

-Next, Initial results on the FW experiment with
80 kW of the RF power are reported. A phased loop
antenna array is employed to launch the FW into a
plasma in which the wave frequency is of the order
of 10fcj- A high loading resistance of about 5
Q is obtained and its value agrees well with the
theoretical estimation. The loading efficiency
of about 80 % is obtained. For n"e < 2 X 1018,
the current drive is observed. The density l i m i t
is also' observed and correlates with the
excitation of parametric instabilities. These
results are similar to those of LHCD with the
frequency of 0.75 GHz except a critical density.
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FAST WAVE CURRENT DRIVE: EXPERIMENTAL
REGIMES AND POTENTIAL FOR PROFILE
CONTROL IN LARGE TOKAMAKS

D. MOREAU
CEA, Centre d'études nucléaires de Cadarache,
Saint-Paul-lez-Durance, France

M.R. O'BRIEN, M. COX, D.F.H. START
JET Joint Undertaking,
Culharn Laboratory,
Abingdon, United Kingdom

The fast magnetosonic wave has been considered as an attractive
candidate for RF current drive because there can be no accessibility
constraint on the wave parallel index and therefore on the energy of the
electrons carrying the current. Moreover there should be no density limit
since the perpendicular phase velocity of the wave is large so that strong
ion absorption can, in principle, be avoided.

A few FWCD experiments have recently been (or are to be) performed at
various frequencies: JIPP T-IIU 800 MHz, JIPP T-IIU 40 MHz, ACT 13 MHz,
PLT 300 M.Hz... They can be classified in two sets:
i) F.VCD in the lower hybrid frequency range (j =» u)

11} FWCD well above the lower hybrid density (uQ, » w)
The fast wave in the lower hybrid frequency range (i) has the disadvan-

tage of being launched in a small n// window near accessibility (Figs. 1-2)
so that a significant fraction of the power may go into the slow branch

n, (cm1)
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either from the antenna or from mode conversion due to toroidal effects. The
remaining accessible power still has to travel across the L.H. layer before
reaching densities of interest and, as observed on JIPP T-IIU at 800 MHz, the
situation looks very similar to the usual LHCD with basically the same
limitations.

Lower frequencies must therefore be considered for pure FWCD (ii, Figs.
3~4) both for pushing the L.H. resonance away behind the limiter and for
relaxing the cutoff requirements (antenna coupling). The wave then suffers
from weaker absorption. This regime was successfully experimented in JIPP
T-IIU at 40 MHz and in ACT at 18 MHz at densities well above the LHCD density
limit.
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The absorption efficiency of the electrons becomes an important para-
meter in evaluating the merit of a FWCD scheme. Low temperature experiments
such as ACT and JIPP T-IIU (40 MHz) are based upon Landau damping of the
waves whereas transit time magnetic pumping will become dominant in a
thermonuclear plasma.

The absorption figure of merit depends only upon the dimensionless
parameters

Dl
.2

and uj//~2 k// v te
We define it as:vl • 2V. -v Z

- 5 x 1 0 " xe e (a * I)

a is a measure of the relative importance of the TTMP acceleration over the
total driving force for a thermal electron; it is smaller than one when
Landau damping dominates. Ye is the electron damping decrement of the wave.

If a substantial part of the power is to be absorbed by the electrons,
Q"1 must be larger than some value determined by other absorption mechanisms
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(t äst ions, fusion products, walls ...). Fig. 5 shows the gap between
present experiments (low ßg,ELD) and the reactor regime (high 8e,T7MP) in
which a value of Q~' » 10~2 can be marginally reached. For this, bulk
interaction is required (u - k// vte) and absorption can be expected only in
the hot and dense central plasma. FWCD might be used in the reverse
direction in the centre of the discharge to shape the current profile while
LHCD is used in the forward direction in the outer plasma.

Fig 5

Fokkei—Planck calculations /2/ show that current drive efficiencies of
the order of .1-.2 A/W can be achieved (Te - 15 keV, ne - 6x 10'n - Aj /2irRPabs). A 15 keV "monster sawtooth" could for instance be
stabilized with around 10 MW of ICRF power concentrated around n// =• 4 by
choosing the frequency between harmonics of the ion cyclotron frequency.
References /!/ D. Moreau, J. Jacquinot, P.P. Lallia, 13th European Conf. on

Controlled Fusion and Plasma Physics, Schliersee (FRG) 1986
/2/ D. Moreau, M.R. O'Brien, M. Cox, D.F.H. Start, Fusion Theory

Meeting, Wepion (Belgium) 1986
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STATUS OF ELECTRON CYCLOTRON CURRENT DRIVE/
COMPARISON OF THE THEORY WITH EXPERIMENTS

D.F.H. START, M.R. O'BRIEN, R.O. DENDY
JET Joint Undertaking,
Culham Laboratory,
Abingdon, United Kingdom

Electron cyclotron resonance heating (ECRH) provides an attractive
method of driving extremely well localised plasma currents. Such
currents would be ideally suited to profile control in tokamaks.
During the last few years the theory of electron cyclotron current
drive (ECCD), based on quasi-linear wave-particle interaction and
classical collisions, has been intensively developed. Present day
Fokker-Planck calculations are generally nonlinear and incorporate
neoclassical theory, relativity and realistic RF injection geometry.
In contrast, the definitive experimental demonstration of ECCD in
tokamaks is slow to emerge. The present paper reviews the experimental
progress and provides theoretical interpretation where possible. In
addition calculations of the method's efficiency for INTOR are
presented.

The first observation of ECCD was made on the low temperature (~10
eV), low density (n ~ SxlO^cnr3) plasma of the Culham Levitron using
outside launch of fundamental X-mode waves1. The heating and current
drive were understood to occur via conversion to electron Bernstein
waves and this interpretation provided good agreement between the
predicted and measured current drive efficiency (0.03A/W).

In 1982 the TOSCA group2 reported a change in plasma current Al/I
~ 15% between co and counter injection of ~ 80 kW of 28 GHz second
harmonic ECRH.' The current drive efficiency improved as the resonance
was moved from the low field to the high field side of the magnetic
axis indicating the presence of electron trapping.

Perhaps the most convincing demonstration has been achieved on the
WT-2 tokamak3 where X-mode fundamental waves were launched from the low
field side into a low density (n =2xl012cm~3) 'slideaway1 ohmic plasma.
With co-injection and RF power in excess of 50 kW a plasma current of
3 kA was sustained and even ramped up after the ohmic heating was
switched off. Counter and perpendicular injection substantially
prolonged the current decay. An attempt to understand these results
has been made using a model non-Maxwell ian distribution function with
parameters determined by fitting soft X-ray data and the plasma
current. A ray tracing code incorporating this distribution indicates
that, in the co-injection case, all the RF is absorbed by high energy
(~8 keV) electrons before the wave reaches the low density cut off
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near the plasma centre. This leads to an experimental efficiency of
0.06 A/W which is much less than that predicted by Fokker Planck
calculations (5 A/VJ). This discrepancy is not understood at present.

A more conventional experiment is presently being carried out on
the CLEO tokamak with a well defined antenna radiation pattern and good
mode purity. It is hoped that these experiments will provide a good
test of the theory.

Fokker Planck and ray tracing calculations of ECCD efficiency have
been carried out for central power deposition in INTOR using the
downshifted frequency scheme suggested by Mazzurato et al1*. Typically
we find an efficiency of 35 A/kW for T = 20 keV, and n = 1.5xl020nr3.
The scaling of this efficiency with density temperature and inverse
aspect ratio are presented.

REFERENCES
1 D F H Start, N R Ainsworth, J G Cordey, T Edlington, W H W

FI etcher, M F Payne and T H Todd, Phys Rev Lett. 48 (1982) 624.

2 DC Robinson, M W Alcock, N R Ainsworth, B Lloyd and A W Morris,
Proc. of Joint Varenna-Grenoble Int. Sym on Heating in Toroidal
Plasmas, Grenoble 1982 Vol II p 647.

3. A Ando, K Ogura, H Tanaka, M lida, S Ide, K Oho, S Ozaki, M
Nakamura, ,T Cho, T Maekawa, Y Terumichi and S Tanaka, Phys Rev
Lett. 56 (1986) 2180.

4. E Mazzucato, I Fidone, G Girruzo and V Krivenski. Princeton
Plasma Physics Laboratory Report, PPPL 2229.
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STUDY OF ELECTRON CYCLOTRON CURRENT DRIVE
IN LOWER-HYBRID CURRENT DRIVEN PLASMA ON
THE JFT-2M TOKAMAK

T. YAMAMOTO
Japan Atomic Energy Research Institute,
Ibaraki, Japan

The second harmonic electron cyclotron heating
(ECH) of lower-hybrid (LH) current driven plasma
is investigated in the JFT-2M tokamak (RQ=1.31 m,
aXb=0.35 m X 0.53 m. and B> è 1.4 T) towevaluate its potential for optimizing LH current
drive (LHCD). A 23*/i of absorption efficiency of
the ECH was obtained at large cyclotron frequency
shift, f0/2fc= 0.76 where fg is the wave frequency
and fc the electron cyclotron frequency at the
plasma center. The measured energy spectra of
the soft X-ray radiation parallel and
perpendicular to the magnetic field indicated a
selective ECH of the particles with the energy
satisfying thé relativistic resonance condition.
These results are consistent with the theoretical
predictibnCl,2], which shows the more efficient
current drive by the combination of the ECH and
LHCD. It is also observed that the selective
electron cyclotron heating produces .a f marked
rampup of LH driven plasma current with W/Pab ^
0.26 where W=d( Ip2Lp/2)/dt is the power flowing
into the poloidal magnetic field energy , Ip and
Lp are the plasma current and the plasma
inductance of a torus .respectively, and Pab is the
absorbed ECH 'power.

Cl] I.Fidone. et al.. in Heating in Toroidal
Plasma (Pro.4th Int. Symp. Rome, 1984)
Vol. 2 (1984) 872.

C2] V.Krivenski, et al.. Nucl. Fusion 25 (1985)
127.
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ELECTRON CYCLOTRON CURRENT DRIVE
EFFICIENCY IN TOKAMAKS*

V.S. CHAN
G A Technologies, Inc.,
San Diego, California,
United States of America

Electron cyclotron current drive efficiency in a tokamak taking into account
trapped particle effects was previously considered assuming a specific model of the
rf fields on a flux surface.1 We reconsider the problem here for a quasi-optical beam
using the same approach. A closed form expression for the current drive efficiency is
obtained which can easily be coupled to a ray-tracing code. This method is shown
to be equivalent to the adjoint method and in the cyclinder limit, the Fisch-Boozer
result is recovered. Inside launch and outside launch are compared. It is found that
inside launch can eliminate most but not all of the trapped particle effects.

*This is a report of work sponsored by the U.S. Department of Energy under Contract
No. DE-AC03-84ER53158.
.̂S. Chan et al., Nucl. Fusion 22 (1982) 787.
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CONFINEMENT IN TOKAMAKS
WITH INTENSE HEATING

Report of a Specialists Meeting
held in Kyoto, 21-22 November 1986
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I. INTRODUCTION

The confinement properties of tokamak discharges in the presence of
intense heating, and in particular the phenomenon of energy confinement
degradation encountered in many heating experiments, are key issues of
tokamak physics. The importance of profile effects for the confinement
properties has also become evident. A better understanding and possibly
an optimization of energy confinement in large tokamaks is essential for
enhancing tokamak performance and to lay the grounds for extrapolation to
reactor-grade toka-naks of the next generation like INTOR.

Presently, the data-base on energy confinement in large tokamaks with
intense additional heating is rapidly growing, and new theoretical
concepts emphasizing the role of profile effects are being developed.
There is as yet, however, no commonly accepted view on how the tokamak
confinement properties can be quantified as a function of the parameters
of the plasma and of the device.

The purpose of the Specialists' Meeting was to review the
experimental data-base, and to evaluate to what extent this data-base is
in agreement rfith the various theoretical concepts proposed. Both the
confinement properties at values of beta much smaller than the l i m i t i n g
one and when the beta limit is approached were to be analysed. Possible
differences in the experimental findings in different devices and
uncertainties in the interpretation were to be discussed, and research to
resolve such issues was to be suggested. It was hoped that preliminary
guidance could be given to the INTOR Workshop on how to estimate the
confinement capability of next-step devices during the approach to
ignition (modest beta) and during burn (at high beta).

In addition to the issue of overall confinement-scaling, particular
attention was to be paid to the following issues:

(i) importance and role of plasma profiles (temperature, density,
pressure, current density), including evidence for and
parameter dependences of clamping of the electron temperature
profile both in L- and H-mode discharges;

(ii) importance and role of plasma edge conditions;

(iii) importance and role of control of the MHO behaviour (sawteeth,
m = 2 modes, etc. ).
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The agenda for the Specialists' Meeting (Appendix A) was formulated
so as to focus the discussions on the above issues. Since the
Specialists' Meeting followed immediately after the IAEA Eleventh
International Conference on Plasma Physics and Controlled Nuclear Fusion
Research, it was possible to make extensive use of material on tokamak
confinement that had been presented at the IAEA Conference. The
Specialists' Meeting was attended by about 50 participants (Appendix 8).

II. EXPERIMENTAL DATA ON CONFINEMENT WITH INTENSE HEATING

1. Experimental Data from the EC
From tokamaks in the EC, confinement data are now available over a

wide range of operating conditions. This includes variations of the minor
radius from 0.1 in to more than 1 m, aspect ratios from 2.5 to 7, magnetic
fields from about l T to 8 T, plasma densities from 2 x 10*° m to 5 x

on T10du ni , l i m i t e r and divertor discharges in various configurations
(elongations up to 1.7), and a variety of heating conditions (ohmic•>heating with power densities up to 1.5 MW/m , neutral beam heating up to 9
MW, ion cyclotron heating up to 7 MW, lower hybrid heating up to 1 MW,
electron cyclotron heating up to 0.5 MW, and Alfven wave heating up to 0.5
MW). The relevant devices are JET, ASDEX, CLEO, DITE, FT, PETULA, TCA,
TEXTOR, TFR, and TOSCA. At the Specialists' Meeting, only data from JET
(J. Jacquinot, M. Keilhacker, J. G. Cordey), ASDEX (F. Wagner, 0. Gruber),
FT (F. DeMarco) and CLEO/TOSCA (D. Robinson) were presented.

With intense additional heating, different behaviour is encountered
19 3for low and high densities, the boundary being around n"e = 10IJ m~ . For

low densities, at which the heating has been performed by electron
cyclotron (EC) and lower hybrid (LH) waves, the confinement improves with
additional heating (CLEO with EC heating; ASDEX, FT and PETULA with LH
electron heating). This appears to be correlated with the presence of a
fast electron population.

At high density, the confinement behaviour with additional heating is
either of the L-mode type or of the H-mode type. The H-mode so far could
only be obtained in separatnx-bounded plasmas in ASDEX and in JET. In
the L-mode, a considerable degradation of confinement with respect to the
ohmic regime is generally observed while the degradation is small or
absent in the H-regime.
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1.1 Confinement Scaling
The global energy confinement time in ASDEX H-mode discharges in H

and D plasmas scales like
TE(S) = 0.1 Ip(MA) A

as long as the plasma beta does not approach the beta limit. (Here A is
the atomic mass number.)

For JET, no precise scaling is available yet, but the results are
crudely consistent with the ASDEX type of scaling: e.g., for Ip = 2 and 3
MA in a deuterium plasma, -^-values of 0.45 and 0.6 s, respectively, were
reported for a total power Ptot = 10 MW.

A definite conclusion on the presence or absence of a size
dependence, for example of the form first proposed by Gruber,

TE(S) = 0.065 Ip (MA) R(m) A
cannot yet be drawn. Although the two scalings coincide for ASDEX, JET
data is more consistent with the latter. Uncertainty also remains with
regard to a possible dependence on the heating power P^Q^- experimental
data is inconclusive because the power is limited from below by the
threshold power for H-mode entry, and from above either by the presently
available power (JET) or by the proximity of the' beta limit (ASDEX).'
However, in the accessible range of power, within which Ptot varies by a
factor of 2, no clear dependence of confinement time on heating power was
found in ASDEX, neither for the "incremental" confinement time in JET.
Even so, these trends are still tentative and require further study,
especially with higher power in JET, when it becomes available.

In the L-mode, the global confinement results can, in general, be
fitted either by an offset-linear dependence of the plasma kinetic energy,

W = "o + -4nC ptot
with T£nc the incremental energy confinement time, or by a power-law
formula of the Kaye-Goldston type. In the latter case, however, the
confinement observed experimentally is often somewhat better than the
formula would predict. In TFR with EC heating, a Merezhkin-1ike scaling
was found to be appropriate, i.e., Tp « T"1/^ • In JET, it is found that
T.-nc is dependent on the power deposition profile and on the heating
method; a typical value is

4nc (s) = 0.05 Ip(MA).
Alternatively, the data can be fitted quite well by the simple power law

rE = t* V1/2 R/(a3P}
(where TR in the resistive skin time and T^p is the poloidal Alfven time),
which is consistent with the constraints of resistive high-0 theory.
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An analysis of FT confinement data in the ohmic reyime indicates that
its energy confinement time TE is systematically lower than the
predictions of neo-Alcator scaling if the magnetic field is increased
abo/e 4 T. This parameter range corresponds to discharges for which the
Kaye-Goldston scaling (with the heating power taken to be the ohmic power)
yields a shorter energy confinement time than the neo-Alcator scaling.
The entire FT data-base is well described by the combined neo-
Alcator/Kaye-uoldston scaling. This implies that ohmic power causes the
sane confinement degradation as does additional heating, if the power is
Sufficiently high.

1.2 Plasma Profiles
Generally, three confinement zones can be distinguished in the radial

direction. In the plasma core, the transport tends to be low, except for
the effect of the sawtooth collapse. In this zone, in the absence of
appreciable sawtooth activity and with central heating, large electron
temperature gradients (e.g., 13 keV/rn in JET during a "monster" sawtooth,
and 100 keV/m in TFR with central EC heating) are observed. This zone
appears to correspond to the range where shear is low; in the case of
sawtootlnny discharges, it extends up to the sawtooth inversion radius.
In the next zone (confinement zone), the shape of the electron temperature
profile (i.e., d log T /dr) tends to be clamped, although a function of
q(a) (e.g., ASÛEX, JET). There are also indications of a tendency towards
a saturation of dTe/dr in this region (at about 8 keV/m in JET, 13 keV/m
in TFR, 25 keV/m in Alcator C, and 3U keV/m in D-III) when the power flux
is increased. The confinement zone is surrounded by the edge region, in
which atomic processes and convection losses are usually dominant; the
plasma temperature in the edge region must be above some threshold to
attain the H-regime.

Pellet injection has been performed on various devices. New results
were reported from ASDEX and JET, which confirm that the density profile
can be fairly easily modified, and that confinement is improved in pellet-
fueled discharges. The effect is particularly marked in the ohimc regime
at high density, where the saturation of T£ with plasma density can be
anellorated. A detailed analysis was performed on ASDEX, which shows that
confinement improvement is correlated with reduced recycling in the
divertor chamber; this -nay point to some similarity between pellet-fueled
discharges and the H-regime of plasmas with additional heating.
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1.3 Plasma Edge Conditions
The H-regime in ASDEX and JET was reached with heating by neutral -

beam injection (N!3) and also with heating by combined NO and ion cyclotron
.vaves (ICRH). It is characterized by low recycling (lo*/ H^ or Da
radiation at tne edge), high edge electron temperature (in ASDEX, in
excess of 200 eV; in JET, probably in excess of 1.5 keV), and broad
electron temperature profiles. As a consequence of the broader T^(r), the
j(r) profile also tends to be broader than in ohmic or l-mode discharges
(a decrease in ?..- is observed), and the sawtooth activity tends to
decrease or .riven disappear. In addition, steep density gradients are
present at the plasma edge. The H-mode is more easily reached (i.e., at
lower heating power) in a single-null than in .a doubl,e-nul 1 configuration,
but only when the ion gradient drift is towards the null point;
furthermore, NB heating is more efficient than ICRH. In ASDEX, the
transition into the H-regime was also found to be more easily accessible
in deuterium than in hydrogen plasmas. In ASDEX, the H-mode is usually
accompanied by strong fluctuations at the plasma edge (edge localized
modes, or "ELMs"), whereas in JET it tends to be free of ELMs. In JET and
in the ELM-free H-regime in ASDEX, H-mode operation ends after some time,
due to excessive radiation losses caused by the density increase and (in
ASDEX) by strong impurity accumulation.

1.4 MHD Modes
Experiments in discharges approaching the 0-limit have been performed

in ASDEX and TOSCA. In this regime, confinement is further degraded. In
ASDEX, a time dependence is found, which can be explained by the current
profile broadening with time; this tends to destabilize ballooning
modes. Resistive effects must be invoked to explain the experimentally
observed value of ß at which confinement strongly degrades.
" Some measurements of magnetic and/or density fluctuations have shown
a correlation between the fluctuation amplitudes and transport, over all
operating regimes (TFR, TCA, TEXTOR, JET). An exception is seen in the
transition to the H-regime in ASDEX, where the magnetic fluctuations in
the scrape-off layer do not decrease. The physical significance of this
correlation remains doubtful, since the spatial structure of the
turbulence often is not sufficiently resolved in the experiments.

The effect of low-m/n modes on confinement, on which there is
extensive data from JET, is discussed in Section HI-4.

93



2. Exper imental Data from Japan

Confinement studies were reported from JT-60 (M. Nagami and M.

K i kuch i ) , JFT-2M (N. S U Z U K I ) , and JIPP TII-U (K. Y a m a z a k i ) . Most of this

data had been presented at the preceding IAEA Conference. A summary of

the Japanese IAEA cont r ibut ions was presented by M. Sugihara, which a lso
included a possible candidate for an energy confinement sca l ing to be used
in the design of future tokamaks.

2.1 Confinement Scal ing
Regimes of improved confinement were reported from JFT-2M and JT-

6U. The discharges with enhanced confinement observed in JFT-2M show
typical H-mode character is t ics, such as an abrupt decrease in H /D ,
increases of stored energy and density, formation of a pedestal on the
electron temperature prof i le, etc. In contrast, the improvement of
confinement in JT-60 was observed only in rather low density discharges,
in which much of the current was sustained non-inducti vely by LHCD whi le

the plasma was heated by NB injection. The results from these discharges
in JT-60 are preliminary, and are not yet analyzed in a systematic way.
It is not clear whether the discharges in JT-60 with improved confinement
belong to the H-mode type or are of a new type. It is premature,

therefore, to derive a confinement sca l ing for the improved confinement

regimes of JT-60 operat ion.

The H-mode discharges observed on JFT-2M are realized in divertor

operation (single-null and double-null), as well as in limiter
operation. This latter observation is especially significant for a next-
generation machine. These H-mode discharges are also obtained with NB
injection or ICRF heating. The transition from L-mode to H-mode is also
found in both hydrogen and deuterium plasmas, although the power threshold

is higher in hydrogen plasmas. Furthermore, the use of pellet injection
improves confinement quite dramatically (up to almost twice) : however,
such data are quite limited, and the associated confinement scal ing needs

more study.

The power level of NB injection heating in JT-6Ü has reached its full
value of 20 MW. In addition to raising the power, many attempts were made
to improve confinement, such as low-q operation (qa ~ 2 .2) , gas fueling
from a divertor chamber, use of helium discharges (with s igni f icant H+

concentrat ion in the p lasma), low-B^. operation, reduction in plasma minor
radius to increase the heating-power density, and current ramping. Some
ind ica t ions of a transit ion to the H-mode were observed in discharges with

a combination of the above techniques. However, the reproducibi1ity was
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poor, suf fer ing from strong radiation due to molybdenum, probably arising
from the divertor plates.

Confinement studies on J1PP TII-U were conducted wi th ICRF heating,
using carbon l imiters and after carbonization of the chamber wa l l . The
typical features of a transition to H-mode discharges have not been
observed yet, although a slight improvement in confinement was found
compared with the Kaye-Goldston scal ing. The discharges of J1PP TII-U are
thought to belong to the L-mode class.
H-Mode Scaling

Systematic studies on JFT-2M with neutral beam heating (< 0.8 MW)
show the following characteristic scal ing of H-mode confinement:

TE (s) ~ 0.15 Ip (MA).
The global energy confinement time i£ is linearly proportional to plasma
current and almost independent of toroidal field. At high current, when

qa approaches 3, this global energy confinement time approaches the
maximum energy confinement time obtained in ohmic discharges ( T O ^ ) - ^t
lower currents, TÇ degrades with heating power. Note that ^H is
proportional to the toroidal field and to the areas of the plasma cross-

section, i.e.,
rgH(s) = 0.1 S(m2 )B t (T)

for deuterium.
L-Mode Scal ing

Most of the NB-heated discharges of JT-60 are in an L-mode regime.
They indicate that the global energy confinement time derived from
magnetics measurements can be expressed as

T E (S ) = [0.051 + 0.35/Pa b s(MW)] Ip°-4 (MA) .

The incremental energy confinement time, which has a rather *eak
dependence on plasma current in JT-60, can be roughly related to the L-
mode confinement times obtained in a number of other tokamaks, by the
scaling:

TEnc (s) = 0.12 ap2(m).
J1PP TII-U discharges with ICRF heating show that the energy confinement
time behaves according to a Goldston-1ike P"^-4 degradation law with
heating power.
Possible Candidate Confinement Scaling for the H-Regnne

An energy confinement scaling, which applies to the H-mode regime and
could be used for the design of INTOR-like machines, was proposed, based
on systematic studies on JFT-2M. As mentioned previously, the global
energy confinement time recovers up to the peak ohimc confinement time,
which scales as a^By A • (A is the atomic mass number). Assuming tnat
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th is can be extrapolated to next-generat ion dev ices, the fo l lowing s c a l i n g
can be der ived:

TE (s) = 0.12 a2(m) B t ( T ) A0 '5 .

This sca l i ng is intended to g ive the peak confinement capabil i ty of a
g iven device: for di f ferent plasma currents wi th in the same device, the
confinement wi l l scale approximately l inearly with current, up to the
maximum value given by the above formula.

2.2 Plasma Prof i les
JT-60

Electron temperature and density prof i les for both ohmic and beam-
heated l imiter and divertor discharges were compared, for discharges which
are all in the L-mode regime.

A signif icant di f ference in the density prof i le can be observed
between limiter and divertor discharges. Almost flat density prof i les are
found in divertor discharges, especially with small minor-radius plasmas,
whi le more peaked density profiles are seen in limiter discharges. With

increasing density, the peaked profi le in the limiter case becomes broader
and approaches the profile characterist ic of the divertor case.

In contrast to the density profile, the electron temperature prof i le
tends to maintain a bell-shaped form in all cases, although the shape
depends weakly on the safety factor and plasma density. Speci f ical ly, the

temperature profi le broadens slightly during neutral beam heating at high

density.
Wi th increasing density, the calculated NB power-deposition prof i le

changes from centrally peaked to hollow. The bell-shaped form of the
electron temperature profi le is maintained, providing some indication of

profi le consistency.
JFT-2M

Systematic studies of profi les have not been presented. The electron
temperature profi le of the H-mode discharges shows clearly the formation
of a high-temperature pedestal just inside the separatrix.
J1PP TII-Ü

ICRF heating deposition profi les were controlled by changing the
antenna phasing, and could be varied from centrally peaked to broad
prof i les. The global confinement time is not changed.

2.3 Plasma Edge Conditions
H-Mode Discharges in JFT-2M

Discharges reported at this meeting were produced in a chamber
gettered with titanium. This procedure may be a necessary ingredient in
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the recipe for realizing H-mode discharges relatively easily. Even
without titanium gettering, however, discharges can enter the H-mode
regime, although the threshold power is increased.

It is interesting that H-mode discharges can be observed with
limiters. Only discharges resting on an inboard limiter obtain enhanced
confinement, and it seems to be necessary to keep the limiter-contact
surface at about 5 cm inside an outboard limiter.

In divertor discharges, sufficient space on the outboard side is also
crucial for improving confinement. The critical distance between the
magnetic-separatrix and the outboard limiter is found to be about 4 cm.

In contrast, the gap on the inboard side has no significant effect on
divertor H-mode discharges. The clearance on the upper side of the
plasma, when a single-null is located on the lower side, also has only a
weak effect, and about 2 cm separatrix-to-1imiter distance is adequate for
enhanced confinement.

JT-60
JT-60 has a divertor on the outboard side on the midplane. However,

JT-60 discharges have not observed the typical features of a strong
transition to H-mode behaviour. However, weak transitions (reduced edge
recycling and increased plasma density) have been observed during 0.8 -
1.4 MW ICRF additional heating of ohmic discharges and NB-injected
discharges, with the injection power not greatly exceeding the ICRF
power. The incremental energy confinement time of these discharges was
improved by around 40% from that of NB-heated discharges. Until additional
opportunities for realizing the H-mode in JT-60 have been fully explored,
it is premature, however, to evaluate the importance of divertor location.

Experimental Data from the USA
Confinement studies were reported from TFTK (R. Goldston), DIII-D (Ü.

Overskei), Alcator C (M. Greenwald and M. Porkolab), and PLT/PBX (K.
Bol). These contributions to the Specialists' Meeting generally attempted
to extend and supplement the material that had been presented at the
preceding IAEA Conference. However, some topics were discussed at the
IAEA Conference, but not at the Specialists' Meeting; these are not
covered in detail in the present summary, although references are made to
some particularly pertinent points to be found in the IAEA Conference
papers.
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3.1 Confinement Scaling
TFTR

The energy confinement time T£ in OH discharges with pellet injection
in TFTR is not neoclassically limited, but is rather held down by
convection, radiation and anomalous transport. The resulting T£, however,
is almost three times greater than the Goldston L-mode scaling. The time
evolution of the density profile with pellets corresponds to QQ ~ 0.1
Om /sec, and an in-pinch velocity vr ~ 5 v^are. With modulated gas puffing

at low I», however, both D and vp are much larger. Mean densities as high
as h"e ~ 8 x 10 /m have been achieved with helium working gas.
Explorations of the scaling of confinement with ne in OH plasmas show
ne(r)-profile shapes unchanged in a range ne = 2 - 8 x 1019/m3, where the
"knee" in T£ occurs at h"e ~ 4 x 10 'm. The unfavorable Ip scaling of
low density is no longer present above the "knee".

The L-mode confinement scaling of NB-heated discharges can be fitted
with an offset-linear model, but the slope is strongly dependent on ne.
Linearity of the fit line may not reflect the underlying physics, due to
changes in the mix of stored energy between electrons, ions and
suprathermal particles. The general behaviour is better described by the
original Goldston L-mode scaling (with perhaps a factor for D° > D* versus
H° > D"1") than by the Kaye/Goldston scaling.

In the supershot mode, T£ is independent of power with balanced
injection, and the total stored energy at 900 kA and 12 MW exceeds what is
normally achieved in the TFTR L-mode at 2.2 MA and 12 MW. The improvement
is not due only to beam stored energy: the electron thermal energy at 900
kA and 12 MW in the supershot mode equals the electron thermal energy at
1.4 MA and 12 MW in the L-Mode.

There is no evidence of enhanced impurity accumulation/retention in
the supershots.
DIII-D

During initial operation of DIII-D with high-power NB heating, a
classic ASDEX-type H-mode was achieved, including the familiar
characteristics of the L + H transition.

The radiated power rises strongly with time as n"e rises. The central
radiated power does not rise, however, indicating that there is no central
Impurity accumulation.

The overall energy confinement time T£ reaches 175 msec at 6 MW with
Ip = 1 MA.
Alcator C

The saturation of T with increasing n is due to an anomalous x-
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With pellet injection, x, returns to its neoclassical value, and the
confinement time approaches that predicted by the neoAlcator electron
scaling and neoclassical ions. Impurity transport after strong pellet
injection is approximately neoclassical and shows pronounced central
peaking.

Heating by ion Bernstein waves (IBWH) is found to increase the
particle confinement T substantially and to reduce recycling; the
confinement of impurities is, however, also increased.
PIT

Confinement during ICRF heating up to 5 MW on PIT shows an offset-
linear rise of stored energy with power; however, the incremental
confinement time T^nc has a relatively low value, characteristic of L-mode
behaviour. The overall confinement time TC rises with increasing current
I at moderate power, and also rises somewhat with increasing density ne;
the behaviour is about as expected at the rf power applied, based on
conventional L-regime models.

An intriguing recent result -- similar to that in Alcator C -- is
that the particle confinement time TD increases markedly on application of
IBWH power; in such cases, TE decreases less than would be predicted by
standard L-regime models.
PBX

The overall energy confinement time TE in limiter discharges in PBX
follows the Kaye-Goldston model, without any «evidence of a direct effect,
of strong plasma shaping. Studies of the ion energy balance based on
measurements of the T^(r) profile indicate that the ion thermal
diffusivity x-j is close to its neoclassical value.

The H-regime is obtained in PBX when the plasma is bounded by a free
magnetic separatrix. The H-mode confinement appears to improve with
increasing toroidal field Bt, when the plasma beta is well below the B-
limit. At Bt = 2 T, the energy confinement time T£ is doubled relative to
its L-mode value.

3.2 Plasma Profiles
TFTR

TFTR finds a remarkable consistency and reproducibility in the shape
of the Te(r) profile. If the profiles are normalized to their value at
r/a = 0.5, and if regions affected by strong sawteeth or with Te(r) < 1
keV are excluded, all the cases examined have essentially the same profile
of Te(r)/Tg(a/2). Even the supershots, which appear to have amomalously
broad Te-profiles, overlay other high-q and low-q discharges quite
accurately, except in the central core of the plasma, where Te in the
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supershots does not rise as steeply as might be expected for sawtooth-free
discharges. Strong convective energy losses appear to be responsible for
depressing the core electron temperature in these cases.

The density profile ne(r) is strongly centrally peaked in both
supershots and pellet-injected cases. The suppression of instabilities
arising from high values of n0 , = d log T0 ^/d log n. could play a rolec, i c , i t:
in enhancing confinement in these cases.
DIII-D

The profile of Te(r) appears to develop the characteristic high-
temperature pedestal after the H-mode transition.

Results were reported at the IAEA Conference on edge heating in Dili
by ECH into overdense plasmas: a -dramatic improvement in core-plasma
energy confinement was observed.
Alcator C

In IBWH experiments, the ion temperature at r/a = 0.85 is measured
(from the IBWH dispersion relation) to be about 300 eV, indicating a
relatively broad T^(r) profile.

3.3 Plasma Edge Conditions
TFTR

An essential ingredient in the TFTR supershots is the reduction of
edge recycling by thorough degassing of the inner-wall carbon limiter with
helium discharges. Without degassing, the overall particle confinement
time is only 20 msec at high power, implying very rapid recycling in the
edge region. Calculations indicate that the power balance in the edge
plasma is dominated by convection losses in these cases. In the supershot
mode, with extensive degassing, the overall particle confinement time
rises to about 100 msec, implying much lower recycling and relatively
small edge-region convection losses. This difference in recycling is the
major contributor to the higher outer-region temperatures observed in
supershots.

DIII-D
In DIII-D (and also in PBX), the H-mode is obtained in "open"

divertor configurations, without constrictions of the divertor throat.
Alcator C

The minimization of edge-region fluctuations at densities ri ~ 1-2 X
1020 m~3 appears to be an important element in the successful IBWH
experiments.
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3.4 MHO Modes
TFTR

Detailed results on MHD fluctuations, sawteeth, etc., in TFTR were
presented at the IAEA Conference, but were not discussed at the
Specialists' Meeting. The most significant result in regard to
confinement is that the appearance of m/n = 3/2 and m/n = 2/1 MHO activity
in supershots produces a marked deterioration in energy confinement.
OIII-Ü

H-mode discharges in DIIl-D exhibit the characteristic edge-
local i zed-modes (ELMs). However, the ELMs in DIII-Ü (and also in P3X)
appear to extend over a broader radial region than in ASDEX. Sometimes
"monster" ELMs are observed, but these are less prevalent at the highest
powers.
Alcator C

Sawteeth are seen to disappear soon after pellet injection in Alcator
C. This is shown to be due to the central accumulation of impurities in
the improved confinement regime realized by pellet injection, which raises
Zeff at the center of the plasma, thereby depressing the central current
density and increasing q(0) above unity. This result contradicts the view
that it is the sawteeth themselves that prevent the accumulation of
impurities at the center.
PIT

The stabilization of sawteeth by LHCD, presented at the IAEA
Conference, was not discussed at the Specialists' Meeting.
PBX

The most relevant aspect of the extensive data on MHD fluctuations in
PBX is the nature of the MHD activity as the ß-limit is approached. At
low indentation and relatively high q-values, the ß-limit is "soft",
i.e., confinement degrades steadily as the limit is approached, although a
disruption can occur later in the discharge, depending on the level and
signature of MHD activity. At low q-values, however, the ß-limit is
"hard", taking the form of a disruption; there is little degradation in
confinement until the limit is reached. These observations can be
explained in terms of the ballooning-mode stability limit, which is close
to the observed ß-limit in high-q, low indentation configurations;
confinement degradation as the limit is approached may be caused by
resistive versions of the ballooning modes. With highly indented, low-q
configurations, however, the ballooning limit is much higher then the
observed limit, which must therefore be explained in terms of external
k ink like modes.
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4. Experimental Data from the USSR
Confinement studies were reported on plasma heated by high-power ECH

in T-10 (Yu. V. Esipchuk).

4.1 Confinement Scaling
The ECH power on T-10 has been doubled to 2 MW; results were reported

with absorbed powers ranging up to 1.6 MW. In these high-power regimes,
the ratio of total power to ohmic power, Ptot/PgH» ranges up to 5.5.

The global energy confinement time T£ increases linearly with density
ne; the doubling of the ECH power has not changed this relationship.

In the range of Ptot/pOH up to 5>5» the 91ob'al energy confinement
time T£ is found to decrease with Pto^, roughly according to the
relationship

V'OH = (Won)"0'55
This result is similar to that obtained previously in lower power
experiments. The electron energy confinement time i£e is found to behave
like the Mukhovatov-Mereshkin scaling

The sharper deterioration of global energy confinement relative to
electron energy confinement can be explained by a degradation in effective
ion energy confinement, resulting from the broadening of the profile of
electron-to-ion energy equilibration for higher-Te regimes.

4.2 Plasma Profiles
With on-axis heating, the Te(r)-prof i le retains the same shape as in

ohmic heating up to power levels of about 1 MW. At higher power, the
ê(r) profile broadens relative to the ohmic case. Indeed, at high values

of ^e/Ip» tne central temperature Te(0) saturates at powers above 1 MW,
although the total energy continues to increase. The saturation of Te(0)
can be explained in terms of an electron thermal diffusivity Xe tnat
increases sharply above its ohmic value as the local electron pressure
gradient vpe increases above about O.b x iCr^ keV/cm . The dependence of
xe on ype has a strongly nonlinear character, implying the existence of a
limiting value of vpe, beyond which -^ becomes extremely large.

Although no specific physical mechanism is proposed for this strongly
nonlinear dependence of electron thermal diffusivity on the electron
pressure gradient, it will be a goal of future studies to attempt to
resolve this issue. In particular, it is important to determine whether
the observed dependence can be interpreted as a relation between the local
Xg and vpe values, or whether it is a nonlocal relationship, resulting
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from distortions of the pe(r) and j(r) profiles by the ECH. It is also
important to determine the dependence of the limi t i n g 7pG-value on plasma
parameters.

Experiments have also been performed with off-axis ( ûR = 18 cm)
heating by ECH up to power levels of 1 MW. The results of these
experiments do not contradict the general ideas of profile consistency --
in the sense that overall energy confinement remains favorable with off-
axis heating. However, during the initial phase of the heating pulse, the
Te(r) profile becomes hollow in the central region of the plasma. In
contrast, the density profile tends to broaden with on-axis heating and to
become more peaked with off-axis heating, suggesting that off-axis heating
may be causing an increase in central particle confinement.

Analysis of the power balance near the center of plasmas with high
ne/I values during the period of hollow Te(r)-profiles indicates that the
local thermal diffusivity Xe 1S ver.y small -- about half its value during
the OH phase. This result effectively excludes the possibility of an
inwardly directed "thermal pinch", since this would imply an even smaller
— or negative — value for the thermal diffusivity.

4.3 Edge Plasma Conditions
There have been no studies specifically directed at the issue of

whether edge-plasma conditions play a significant role in these ECH
experiments.

4.4 MHO Modes
The recent ECH experiments have been performed in regimes of

relatively high q-value, in which sawteeth are very small. In previous
work at lower q-values, the displacement of the ECH resonance zone leads
to the suppression both of sawtooth oscillations and also of m = 2
acti vity.

III. ANALYSIS AND INTERPRETATION OF THE DATA

1. Confinement Models
Theoretical models of anomalous transport in tokamaks attempt to

derive cross-field transport coefficients -- especially electron and ion
thermal di ffusi vities Xe )(r) anc* particle diffusivity D(r) — which, when
added to the neoclassical coefficients, provide good agreement with the
experimental data on confinement. In general, the transport coefficients
depend on the local plasma parameters, although profile effects can enter
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through dependences on the gradients of density and temperature and on the
magnetic shear. Models under current invest igat ion fal l into two broad
c lasses: dr i f t -wave-turbulence models ( W a l t z , Tang, Register) , which have
reached a relat ively mature level of development, and magnetic turbulence
models (Brusati, Kadomtsev), which are in a relatively early stage of
development.

1.1 Orift-Wave-Turbulence Models
Theoretical models of drift-wave-turbulence, in which ? x (? dri f ts

arising from electrostatic ^-fields provide the cross- f ie ld transport
mechanism, have been remarkably successful in explaining the gross
features of energy confinement in tokamaks when "profile consistency" is
imposed. In addition, these modes have the attractive aspect that the
turbulent transport and the underlying modes of instability are derivable
from "first-principles" analyses of tokamak physics.

The dominant ;nodes of instability for present-day tokamak regimes are
the dissipative-trapped-electron (DTE) (collisional and col l is ionless)
mode for electron thermal transport and the ion-temperature-gradient (n- j )
mode for ion thermal transport. The former is predicted to be unstable
for all low-col 1isionality tokamak regimes; the latter enters when the
value of n, - d log T^ /d log n exceeds some threshold value, typically of
order 1.5. In higher-coilisional ity tokamak regimes -- or in the cold
edge-region of present-day tokamaks -- there are a number of more
col l is ional versions of electron drift waves that could provide the
dominant instability mechanism. In addition, the resistivity-gradient-
driven mode of resist ive MHD, which also relies on ? x ß" drifts as the
cross-f ie ld transport mechanism, can provide a substantial level of
turbulent transport in the cold edge-region of a tokamak. Thus, the
challenge to drift-wave-turbulence theory is not to account for the
observed high level of edge transport, but rather to explain both the
sca l ing of global energy confinement time and the processes by which
plasma profi les are determined in the hot core-region of the plasma.

Although the various theoretical models of drift-wave-turbulence
dif fer in several details, they have all been generally successful in
reproducing the global confinement scalings of both ohmlc and auxiliary-
heated tokamak regimes. The increase of T£ with density in ohmically-
heated plasmas fol lows from the inverse density dependence of Xe for °TE
modes; the deterioration of ye with increased heating power fol lows from
the strong adverse temperature dependence of Xe for °TE modes. The
saturation of ohmic confinement at high density and the unfavorable
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confinement in auxiliary-heated tokamaks with flat density profiles are
both explained in terms of the onset of the r^-mode. Although some
separate model of edge-region transport must presumably be introduced to
explain the transition from L-mode to H-mode confinement, the drift-wave-
turbulence models have been fairly successful in describing the favorable
confinement that results from centrally-peaked density profiles, as in the
TFTR supershots.

Besides an inability to explain the observed dependence of energy
confinement on atomic mass (i.e., deuterium is invariably observed to give
better confinement than hydrogen), the most serious shortcoming of
confinement seal ings based on drift-wave-turbulence models is in regard to
the dependence of TE on the plasma q-value. The models have generally
obtained a strongly favorable dependence of T£ on plasma current (lower q)
in the auxiliary-heated regime only by postulating that the confinement is
severely degraded by MHD modes outside the q = 2 surface. The absence in
the experiments of a significant level of m > 2 MHD-like activity -- as
well as the favorable confinement and broad temperature profiles found in
many high-q regimes, such as the TFTR supershots — is at variance with
this particular feature of drift-wave-turbulence models.

Drift-wave-turbulence models have been much less successful in
reproducing the characteristic plasma profiles, especially the Te(r)
profile, observed in tokamak experiments. The main problem is that the
Xg(r) from DTE modes tends to decrease with radius in the outer half of
the radial profile. The introduction of additional transport processes
limited to the cold edge-region is unable to produce a total ^(r) that
increases monotonically with radius. Thus, electron temperature profiles
predicted by a straightforward, local application of drift-wave-turbulence
models for Xp(r) "tenc^ to be much broader than those observed. Only when
an extraneous profile-consistency constraint is applied do these models
produce good agreement with the experimental data on profiles.

Models of drift-wave-turbulence in which the turbulent transport is
so strong that the plasma is forced to a marginally-stable equilibrium are
somewhat more successful in reproducing the experimentally observed
profiles. In the case of the DTE mode, marginal stability implies a
relationship between the plasma collisionality, the magnetic shear, and
the density and temperature gradient-scale-lengths. If an additional
constraint on q(0) is imposed, these models can reproduce the observed
profiles, as well as several features of the overall confinement
scaling. However, the more complete linear theory, including toroidal
effects, tends to predict a universally unstable DTE mode, without any
sharply-defined marginally stable equilibrium.
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1.2 Magnetic-Turbulence Models
Electron transport could be strongly enhanced by magnetic braiding

(stochasticity) arising from the interaction of different intermediate-m
modes with tearing-type topology (i.e., magnetic "islands"). This
transport would increase strongly with electron temperature and could thus
be a candidate for explaining the confinement degradation with power. As
the extent of the magnetic braiding would be affected by shear, such
transport w i l l also have a tendency to produce universal temperature and
current profiles, weakly affected by variations in the heat deposition
profile.

A self-consistent equilibrium model, accounting for the current
perturbation leading to the magnetic island as a consequence of the
induced col 1isionless energy transport, is presently being attempted by a
group at JET. In this model, the magnetic-island growth is driven by a
reduction in the current density interior to the island relative to the
current density at the separatrix, due to the connection of a stochastic-
field region at the island separatrix to the hot core-region of the
plasma; the m-values are in the range 15-20.

In an alternative model under development at Texas, the neoclassical
corrections give rise to magnetic islands in the same range of m-values,
which are usually stable in the context of conventional resistive tearing-
mode theory. In this model, the magnetic-island growth is driven by a
reduction in the bootstrap contribution to the interior current density,
due to the flattening of the pressure gradient across the island. The
resulting transport is 3-dependent, but increases markedly as 3 rises
above 1-2%.

Neither of these models is sufficiently well developed to permit
detailed comparison with the experimental data. However, the models
appear to have some potential for explaining profile effects as well as
the overall confinement scaling.

Some general arguments in favor of magnetic-turbulence models of
"profile consistency" were advanced by the Kurchatov group. It was argued
that profile consistency corresponds to the existence of "relaxed states"
that minimize the free energy subject to certain constraints. The L-mode
corresponds to a minimization subject to fixed plasma current and constant
helicity. The H-mode corresponds to a lifting of the constant-helicity
constraint, which yields a more relaxed state with finite edge temperature
and lower overall transport. The model implies that pressure gradients,
rather than density or temperature gradients, are the primary driver of
anomalous transport. Variational calculations have produced pressure
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profiles — at least in the L-mode case -- that are in good agreement with
experimental data. The underlying transport mechanisms are not identified
in detail, but would take the form of magnetic turbulence "controlled"
from the edge-region, where the profiles tend to depart most seriously
from the favored shapes.

2. Role of Plasma Profiles
Electron temperature profiles Te(r) in tokamaks have been measured

fairly accurately over a wide range of parameters. Current density
profiles j(r) can be inferred from a knowledge of Te(r,t) by means of
Ohm's law (with corrections due to neoclassical and sawtooth effects),
though the uncertainties become much greater in this case, due to
uncertainties in Zeff(r) and inductive effects. Radially localized MHO
activity gives an additional check on j(r). The available evidence points
to a tendency of the Tg(r) and j(r) profiles to maintain a certain form in
spite of major variations in plasma parameters and in the power-deposition
profile P(r). This phenomenon may be indicative of a profile-preserving
form of electron heat transport that cannot be expressed adequately in
terms of a local Xe(r)» or °f a transport mechanism in which -^ is a
strong function of vtn T_.

Extensive and detailed measurements are also available concerning
n(r) profiles, but in this case no obvious constraint on profile shape has
been found. Experimental data on T^(r) are still too scarce and imprecise
to allow an assessment as to whether there may be some fixed profile
pattern.

The discussion of plasma profiles at the Specialists' Meeting
focussed mainly on the phenomenon of Te(r) and j(r) "profile
consistency." Two distinct levels of profile consistency were examined:

A. Weak Profile Consistency. For a fixed value of q(0) ~ normally
taken to be unity — one observes that the profile-peaking factor
Te(0)/<Te> is a «ell-defined function of q(a), with little scatter of
the experimental data.
B. Strong Profile Consistency. The transport coefficient Xe(r)
appears to adjust itself so as to oppose changes of the profile
Te(r)/Te(0) in the face of variations in P(r) or n(r). The observed
self-adjustment of Xe includes decreases below the normal transport
level, so as to maintain the global T£ when P(r) is shifted outward
from the plasma core.

There was general agreement that the explanation of weak profile
consistency is straightforward. The phenomenon of strong profile
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consistency is potentially important, but its physical interpretation
remains controversial. A combination of tearing-mode stability
constraints and non-local transport phenomena appears to be needed to
account for profile consistency. These two aspects are discussed in the
following two sections.

2.1 Resistive-Kink-Mode Stability Constraints
In the standard case of m/n = 1/1 sawtooth activity, the conventional

assumption (not definitively proven to be correct) is that q(0) oscillates
in a range just below unity. Since j(0)/<j> = q(a)/q(0), a constraint on
q(0) insures that j(0)/<j> must depend mainly on q(a). Using the ohmic
relationship between Te(0)/<Te> and j(u)/<j>, a local x^(r) model is able
to insure weak profile consistency within the experimentally explored
range of P(r)-profiles.

Resi sti ve-kink stability constraints also contribute to the
explanation of strong profile consistency by narrowing the range of
sustainable j(r)-prof i les, but fail in two respects to account for the
observed profile-consistency phenomena: (i) the simple resistive-kink-mode
stability condition A' < 0 does not constrain j(r)/j(u) very narrowly,
except when q(a) -»• 2; (11) there is no experimental evidence that kink
modes play a direct physical role in shaping j(r)-prof1 les except in
special cases, such as for strong skin currents or in low-q(a) regimes,
where conspicuous disruptions occur. In this regard, there is an apparent
divergence in experimental data between TFTR, which finds A' > 0 to be a
fairly accurate guide to kink instability, and JET, which requires A' to
be substantially positive before kink instabilities occur.

Non-standard tokamak regimes with q(0) > 1 can be produced by central
radiation cooling, pellet injection, and apparently also by bootstrap
currents in the case of TFTR supershots. The q(0) > 1 regime is
characterized by the absence of m/n = 1/1 sawtooth activity. The
theoretical margin of A' stability against the 3/2 and 2/1 modes tends to
be reduced when q(0) > 1, and these modes are often seen experimentally.

The Te(r) profiles are less peaked than in the standard case with
q(0) =1.

The presence of an outer separatnx has been found to permit sharp-
edged pedestals of the Te(r) profile (in the H-mode). Outer pedestals of
j(r) are generally favorable to A'-stability, especially for the 3/2 and
2/1 modes.
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2.2 Transport Models Related to Te(r)
Tokamak energy transport can be described in terms of three distinct

radial zones: (1) a central region (0 < r < r^), which is normally
dominated by sawtooth-related transport (typically, r^/a <~ l/qa); (2) an
intermediate region (r^ < r < ^J, which normally supports the highest
gradients of Tg and n (typically, r£/a > 0.8); and (3) an edge region (^
< r < a), where convection and radiative energy transport mechanisms
become important. A model that fixes the gradient of Te in the
intermediate range, acting in conjunction with global MHD-stabi1ity
constraints, appears to be sufficient to account for the experimentally
observed strong profile-consistency phenomenon.

A wide variety of empirical and theoretical transport models have
been proposed to achieve the desired profile-shaping effect. Most of the
profile data in TFTR and JET can be roughly fitted by the same
prescription |d log Te/dr| = L'^r/a) with L independent of q(a) in the
range up to 7. In this case, the resultant Tp(r) profile approximates aK „ ' ' * iGaussian Te(r2) exp [a(l - rvr2 )L so that the quantity L is identified

oas r2 /2oa, with 1.5 < a < 2.2. With additional heating only small
changes in the parameters L and a are seen at q(a) < 7, but quite
substantial changes are seen for q(a) > 7; the significance of these
changes is not yet clear. Equi valently, one can seek to establish an
empirical limit of the form d Te/dr < (d te/dr)cr^. Both of these models
imply that Xe(r) adjusts itself according to the heat-flow equation when
P(r) is varied.

A Xe(r) roodel that simply has a strong fixed radial variation can
produce some — but apparently not all -- of the observed profile-
consistency pattern. A better approximation can be achieved by assuming
an incremental local Xe containing a factor such as |d log Te/dr - L"1]*,
with x » 1. Theoretical models that can produce this kind of Xe are
difficult to find, however, although it is possible to find fairly strong
dependences of Xe on % = d log Te/d log n. A Xe~sca^1n9 that refers
mainly to Te(r), rather than n(r), as in the resistivity-gradient mode,
would be more consistent with the experiments, but no plausible
theoretical model is available.

One interesting consequence of using Xg to place rigid constraints on
the profile shape Te(r)/Te(0) is that the ampJHude Te(0) remains poorly
defined by the local Xe« For a Te(r)-profile extending into the edge
region with a smooth d Te/dr, the implication is that Te(0) is calibrated
by the heat outflow, so that T£ depends on the edge values of Xe anc* n-
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This feature has been confirmed by some — but certainly not all —
experiments that vary P(r) inside the central and intermediate regions:
typically, there is a surprisingly weak resultant variation in the global
T£. Supportive evidence for this picture also comes from "enhanced
confinement regimes," such as the H-mode and supershot mode, where -^
increases dramatically in response to the suppression of recycling in the
edge plasma region.

2.3 Transport Models Related to n(r) and T^(r)
From the viewpoint of theoretical interpretation, a pattern of n(r)-

profile consistency, correlated with that for Te(r), would clearly be
helpful: models based on rig-related transport would then become more
plausible, and persuasive arguments could also be made in terms of
pressure-profile consistency. However, pellet-injection experiments —
notably those on ASDEX — provide fairly compelling evidence that n(r) and
p(r) can be varied freely while only Te(r) tends to remain fixed.

The empirical correlation of n(r)-peaking with enhanced confinement
(in the case of pellet injection and supershots -- but not for the H-mode)
gives plausibility to the theory that small r^ serves to inhibit heat
transport by reducing XT» ancl possibly also Xg. This interpretation,
however, is more strongly supported by single-pellet experiments than by
the multi-pellet work. In any case, the ion heat-flow channel is unlikely
to control the Te(r) profile in low-density ohmic heating or in ECH
experiments — which however display the normal Te(r)-profile shapes and
consistency phenomena.

3. Role of Plasma Edge Conditions
A considerable quantity of detailed experimental information on the

role of plasma edge conditions in tokamak confinement became available at
the IAEA Conference, and was summarized during the first day of the
Specialists' Meeting. There is now strong evidence that the plasma edge
conditions, together with an apparent proclivity for the plasma to
maintain a limited range of Te(r)-profiles, control the properties of the
bulk plasma. The plasma edge conditions, in turn, can be controlled to a
very significant extent in plasmas with poloidal divertors, and to a
lesser extent in plasmas with limiters. As first documented by the ASDEX
group, favorable edge conditions lead to improved confinement of the H-
mode type; otherwise impaired confinement of the L-mode type will prevail.

Theoretical models of edge turbulence in ohmic and L-mode tokamaks
based on resistivity-gradient modes (Diamond) show some agreement with
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f luctuat ion data at modest edge temperatures (Te <, 10 eV ) . Ideas on the
possible role of neutral gas (Furth) have been revived by recent TFTR
supershot data.

3.1 Poloidal-Divertor Plasmas and the H-mode
The most str iking and successful example of enhancing confinement by

modifying the edge conditions is the use of poloidal divertors to produce

the H-mode (ASDEX, PDX/PBX, Dili, OIII-D, JET, JFT-2M). The general

features of the H-mode in poloidal-divertor tokamaks include a pedestal on
the Te(r) profi le (uTe - 200-1500 eV) just inside the separatrix, with a
correspondingly strong reduction in Xei just inside the separatrix. The

production of this pedestal on the Te(r) profi le requires minimizing the
cooling of the plasma edge just inside the separatrix. This requires
minimizing the neutral recycling at the plasma edge and minimizing edge
impurity radiation. Fueling in the divertor chamber is also useful.

Further evidence that the edge conditions have a determining
influence in producing the H mode are the rapid changes in the edge that
occur during the transition from L-mode to H-mode confinement. The radial
decay length for the density and temperature in the scrape-off outside the
separatrix becomes smaller (by a factor 2), the particle flux at the
divertor plate is reduced, and turbulence in the plasma edge is reduced.

For good H-mode confinement, a poloidal divertor should have fairly
localized recycling and should be located on the ion-vB t-drift-direction
side of the discharge. The divertor can be quite open, and the X-point
can be quite close to the target plate (~ 5-10 cm in some cases) and still
produce a good H-mode, provided that the neutrals are localized at the
plate. The favorable "high-recycling" mode of divertor operation was
realized in the H-mode regime on ASDEX and D-III. However, this appears
to be a consequence of H-mode operation, rather than its cause;
experiments on ASDEX show that the transition to H-mode confinement occurs
before the "high-recycling" regime of divertor operation is fully
developed.

There are a number of issues that need further c lar i f icat ion in
relation to H-mode operation with poloidal divertors. A good theory for
the H-mode would vastly increase the confidence in H-mode operation and
al low better optimization of divertor designs. Experiments should also be
done to improve the understanding and characterization of the H-mode with
respect to (i) the relative performance of single-null versus double-null
divertors, (ii) impurity control and transport with H-mode operation, and
(iii) the relation between H-mode operation with the "high recycling"
regime of divertors.
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3.2 Favorable Confinement in Non-Divertor Plasmas
Enhanced confinement with changes in the edge conditions have also

been observed with limiters. The use of carbon-tile limiters in TFTR with
reduced hydrogen recycling has produced improved confinement regimes,
termed "supershots". H-mode-like plasmas have apparently been produced in
JFT-2M with operation on an inner-wall limiter and using heavy
gettering. Such limiter operation has not generally produced the H-mode
of confinement in the past. Further work should be carried out to clarify
the conditions for this mode of operation.

Other techniques for confinement improvements related to edge effects
have included fueling with pellet injection, which results in less
recycling then fueling with gas puffing. More recently, in RF heating
plasmas (IBUH on Alcator C, PLT and JIPP T-II-U; ICRH and LHH on JT-6U),
improved particle confinement, and thus reduced recycling, have been
observed, although the effect on energy confinement is not yet clear.

Production of "supershot" discharges in TFTR appears to require
purging the implanted hydrogen in the TFTR inner-wall carbon limiter with
helium discharges, so that the limiter will pump much of the recycling
hydrogen.

Further work should be carried out on exploring the scaling and
operational limits of the TFTR supershot regime. In addition, techniques
other than carbon tile pumping should be explored for reducing the edge
recycling. Other questions involve the efficiency and performance of
central pellet fueling versus edge pellet fueling, which has a substantial
impact on the required pellet velocity.

3.3 Edge Turbulence
Oissipative fluid turbulence (such as resistivity-gradient-driven-

mode turbulence) has some attractive features for explaining confinement
scaling and H-mode behaviour. Moreover, theoretical predictions in regard
to the turbulent spectrum have been successful in explaining some of the
features of the edge turbulence observed in smal1-to-moderate-size
tokamaks. Specifically, these models predict an electron thermal
diffusivity that increases with q, and decreases both with Te and with the
magnetic shear. This results in a favorable scaling of confinement time
with current and an increase in transport in the low-temperature edge
region of the plasma. With regard to the H-mode transition, it may be
speculated that introducing the divertor increases the edge temperature,
which then further improves the edge confinement. In addition, the
predicted thermal diffusivity decreases markedly in the high-shear region
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interior to the separatrix, possibly accounting for the appearance of a
radial "transport barrier".

It has generally been believed that resistivity-gradient-driven modes
are stabilized by kinetic effects whenever their growth rates fall below
diamagnetic drift frequencies; this would restrict their application to
very collisional, low-temperature regions of the plasma. Toroidal effects
appear to modify this conclusion, allowing a somewhat wider range of
instability. Large electron thermal conductivity parallel to the magnetic
field reduces the growth rates and turbulent diffusivities, but does not
completely stabilize the modes; in any case, there are versions of the
modes arising from Zeff-gradients and neoclassical corrections to the
resistivity that are relatively immune to parallel electron conduction.

3.4 Effects of Neutral Gas
It is known that the ionization source terms have a destabilizing

effect on microinstabilities such as drift waves. Since neutrals
penetrate less into high-density discharges, there may be some correlation
between neutral penetration and neoAlcator scaling. Neutrals also
penetrate less into divertor discharges, indicating the possibility of
some correlation with improved confinement in divertor discharges.
However, assuming that the neutrals are toroidally distributed, only those
waves with length scales and growth times approaching the global scale
length and particle confinement time are affected significantly by the
ionization sources. On the other hand, there may be a considerable
enhancement of the effects of neutrals if toroidal asymmetry of neutral
recycling is considered. Such asymmetries might drive some self-
consistent form of convective-cel1 transport. The problem should be re-
examined theoretically.

4. Role of MHO Modes
Experimental data on MHD-like fluctuations in JET, TFTK, ASDEX,

DIII-D, etc., was presented at the IAEA Conference. The data from JET, CLEO
and TOSCA (Robinson), and from ASDEX in the high-ß regime (Gruber) was
summarized at the Specialists' Meeting. Data from Heliotron E (Itoh) sheds
some light on the MHD stability of a current-free toroidal configuration. On
the theoretical front, a new hybrid ballooning-tearing mode (Zakharov) seems
to be universally unstable in tokamaks, although its saturation level is
smal1.
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4.1 Onmic-Heating Regime
Ohmically-heated tokamaks generally exhibit sawtooth activity, which

governs or limits the confinement within the q(r) < 1 region.
Two interpretations of sawtooth activity have been advanced. One

interpretation is that fast sawtooth relaxation is connected with
flattening of the q(r)-profile within the q(r) < 1 region, due to some
combination of m = 1 internal-kink, tearing and current-convective
instabilities, resulting in a central region within which q(r) = 1. The
other interpretation is that sawtooth relaxation is connected with rapid
thermal transport within the q(r) < 1 region, without any significant
change in the central q(r)-profile. There is strong experimental evidence
in favor of the first interpretation -- e.g., the flat central T (r)-
profiles observed in JET, and the tendency for m/n = 2/1 modes to arise
just after sawtooth relaxation. There is, however, direct experimental
evidence from TEXTOR's q(r)-measurements of favor of the second
Interpretation.

Except for m = 1 modes associated with sawteeth, low-m/n MHD activity
is generally absent in large tokamaks, 1n accordance with resistive
instability calculations in toroidal geometry, where stabilizing effects
arise even without introducing kinetic corrections to the MHD treatment.
Even when low-m/n MHD activity is observed, the amplitude is often quite
small, typically 6B9/BQ < 0.5% at the resonant surface, in which case its
effect on confinement is not significant.

At higher amplitudes, typically 6BQ/BQ > 1-2%, various "sidebands" of
the fundamental mode generally appear, and there are examples of the
coupling of m > 2 external modes with the m = 1 internal mode. In these
cases, magnetic reconnection and temperature redistribution can occur,
resulting in soft or hard disruptions at the density or q limit. These
disruptions are often preceded by rapidly growing (<, 100 ^sec) MHD-like
modes.

In addition to low-frequency "Mirnov oscillations", there are
examples of high-frequency MHD activity that is observed on magnetic
probes but is often a local phenomenon limited to the plasma edge
region. The amplitude of this high-frequency activity seems to be too low
to influence the internal confinement.

4.2 L-Mode Regime
Sawtooth activity is substantially enhanced by a centrally peaked

heat-deposition profile, and exhibits an increase in the amplitude as well
as in the period. Sawtooth activity can be suppressed or diminished by an

114



outwardly peaked heat-deposition profile. Sawteeth can also be suppressed
by non-inductive current drive, e.g., by lower-hybrid waves; in these
cases, the sawtooth is first replaced by a continuous m = 1 internal mode
which, at higher power, is itself also suppressed. The exact physical
mechanism at work in these experiments is not clear: probably, there is an
increase in q(0) and a flattening of the central q(r)-profile, but it is
also likely that replacing the ohmic current by a suprathermal electron
current has a significant stabilizing effect.

The suppression of sawtooth activity in low-q(a) discharges often
leads to a major disruption ~ in agreement with theoretical predictions
that the m/n = 3/2 and m/n = 2/1 modes tend to be destabilized by
centrally-flattened q(r)-profiles with q(0) > 1. Low-aspect-ratio
tokamaks with non-circular cross-sections (such as JET and DIII-D) may
behave more favorably in this regard, because low R/a and strong shaping
are advantageous for low-m/n tearing-mode stability.

At high ß-values, there is a pronounced increase in the level of
high-frequency MHD activity. In certain cases -- especially near-
perpendicular NB heating — the coupled internal m = 1 and external m > 2
mode is destabilized by a résonnant interaction with toroidally precessing
beam ions, resulting in a new type of MHD activity, termed "fishbone",
which causes pronounced fast-ion losses.

4.3 H-Mode Regime
Sawteeth are absent in the ASDEX H-mode and have substantially

diminished amplitude in the JET and DIII-D H-mode.
Mirnov-mode activity is also either completely absent or at a low

level in H-mode discharges, except when qa < 3. Thus, the H-mode is
generally stable with respect to disruptions, except in cases where strong
gas puffing is used to increase further the plasma density.

The "edge localized modes" (ELMs) represent an H-mode-specific type
of MHD-like activity. The ELMs have a significantly detrimental effect on
confinement and can rapidly reduce the plasma s-value.
Phenomenologically, ELMs look like edge-localized disruptions, but their
exact physical origin is not understood. The ELMs are observed to
decrease when the input power exceeds substantially the H-mode threshold
power.

Bursts of high-frequency MHD activity are sometimes associated with
the ELMs and sometimes superimposed on Mirnov-like MHD activity; in
general, these high-frequency bursts have little effect on global
confinement, except in the case of PDX where the closely-related
"fishbone" oscillations contributed to the 8-limiting mechanism.
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4.4 Approach to the ß Limit
Beta limits achieved in a number of tokamaks confirm the Troyon

scaling 8max(%) = C Ip(MA)/a(m)Bj.(T), with a numerical coefficient C in
the range 2.8 - 3.5. The role of ballooning modes in providing the ß-
limiting mechanism is, however, not at all conclusively demonstrated.

In ASDEX, a ß-saturation is observed at a value Qmdx, in most cases
without prior confinement deterioration up to about 80% of &ma^- Enhanced
losses set in after the attainment of this limiting ß-value, causing a
subsequent decrease of the energy content. Transport analyses using
measured plasma parameters reveal this transport enhancement to be mainly
due to electron heat conduction and convection losses. Impurity
accumulation is correlated with the time evolution of 0 • it can be ruled
out as the directly responsible energy loss channel, but causes enhanced
current-density flattening and a consequent reduction in the maximum
stable ß-values. Using pressure and current-density profiles from the
transport analyses to identify theoretically the responsible
instabilities, low m (< 6) pressure-driven tearing modes are predicted to
be unstable and are seen as fishbone-like modes on Mirnov-coil signals.
However, they show no clear experimental correlation with the observed ß-
limitation. Ideal-MHD ballooning theory predicts the plasmas at ßmax to
be stable, leaving resistive ballooning modes in an intermediate range of
wave numbers (between 30 and 50) as a possible cause for the observed
behaviour.

In PBX at low qa-values, the observed ß-limit takes the form of a
hard disruption, and correlates well with theoretical predictions for
stability of external kinks. At higher qa-values, the PBX behaviour as
the ß-1i mi t is approached shows similarities to that in ASDEX.

TFTR supershots have been possible so far only at relatively high qa-
values (> 3). Although the Troyon ß-limit is approached at the lowest qa-
values (< 5), there appears to be a lower effective ß-limit at higher qa-
values (> 5). In the latter case, the 0-limit generally takes the form of
a hard disruption. There are also examples of the onset of enhanced m > 2
Mirnov-like MHO activity in some supershots well below the ß-limit; in
these cases, the plasma profiles characteristic of supershot behaviour are
not maintained, and confinement deteriorates substantially.
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IV. CONCLUSIONS AND RECOMMENDATIONS

The implications of recent results on tokamak confinement for next-
generation devices of the INTOR class can be summarized as follows:

1. Although it has become evident that a variety of different
confinement regimes exist, the overall trends in tokamak confinement
are highly favorable and provide confidence that the present
generation of large tokamaks w i l l be successful in reaching or
surpassing the breakeven plasma regime.

2. Confinement is particularly favorable in tokamaks in which the plasma
edge is defined by a magnetic separatrix (poloidal divertor). The
divertor geometry can be "open" (i.e., without constrictions at the
divertor throat). The single-null configuration has the lowest
threshold power, provided the ion gradient-B drift is towards the
null. Although there are some preliminary indications that a similar
favorable confinement regime can be realized with inboard mechanical
limiters, it would be prudent to retain the present emphasis on
divertor options in designs of next-generation tokamaks. A tendency
for tokamaks in favorable confinement regimes to accumulate
impurities suggests that some auxiliary form of impurity control
might prove useful or even necessary.

3. The favorable confinement regime is accessible with neutral-beam
heating, with ion-cyclotron heating, and with a combination of the
two. However, the present data-base is most extensive for the case
of neutral-beam heating alone. Ion-cyclotron heating sometimes
encounters difficulties with coupling to high-density and divertor
plasmas, and in the presence of edge-plasma contamination, but these
problems are likely to be resolved in upcoming rf experiments on the
present generation of large tokamaks.

4. In the favorable confinement regime, the energy confinement improves
with increasing plasma current, and probably also with increasing
plasma size: the empirical scaling T£(S) = 0.1 Ip(MA) R (m) has been
found to fit the best data in deuterium discharges. However, an
adverse dependence on auxiliary heating power cannot as yet be
excluded, since the presently available range of heating power does
not extend sufficiently far beyond the threshold for access to the
favorable confinement regime. The present generation of large
tokamaks should be able to resolve this issue within the next two
years. Unless a pronounced deterioration with increasing power is
discovered or the R-dependence is not confirmed, next-generation
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tokamaks of the INTOR c lass with plasma currents in the 8-MA range
wil l have suff ic ient confinement capabi l i ty for ignition.
There is no generally accepted theoretical explanat ion of anomalous
transport processes in tokamaks. Dnft-wave-turbulence models give
good agreement w i th many features of the global confinement sca l ing ,
but they have severe shortcomings as predictors of local t ransport
coef f ic ients . Moreover, some additional edge transport mechanism is

needed to reproduce the observed dependence on the q ( a ) - v a l u e .
Models that invoke stochastic f ields a r i s ing from s m a l l - s c a l e

nagnetic i s lands might be able to provide qua l i t a t i ve exp lana t i ons of
p lasma-prof i le effects and of the t rans i t ion to regimes of improved

confinement, but they do not as yet produce def in i t i ve predic t ions as
to global confinement scal ing. Wi th regard to t ransport in cold
edge-region p lasmas , however, theoret ical models based on
res is t iv i ty-gradient modes of instabi l i ty have provided good
correlat ions with the experimental data.

Tokamak Te(r)-prof i les generally exhibit clear "prof i le consistency"
ef fects, whi le n ( r ) -p ro f i les do not. "Weak" p ro f i le consistency, in
which the peaking of the T e ( r ) -p ro f i l e shape is a wel l -def ined
function of q ( a ) , is easi ly expla ined by sawtooth act iv i ty for a
broad range of local thermal d i f fus iv i ty models. "Strong" prof i le
consistency, in which the thermal d i f fus iv i ty adjusts i tself so as to
maintain the global T^ and oppose changes of the prof i le shape in the
face of var iat ions in the heat deposit ion profi le, does not as yet
have a generally accepted physical explanation. Strong prof i le
consistency is indicat ive of a mechanism where global confinement is
determined by the heat outf low at the plasma edge, which in turn is
controlled by edge-plasma parameters and thermal d i f fus iv i t ies.

The Troyon formula for the tokamak beta-l imit (with a numerical
coef f ic ient in the range 3.0-3.5) is confirmed in a number of
experiments. In most cases, the beta-limit results from enhanced
thermal transport at beta-values just below the opt imized theoretical
ideal-MHD bal looning limit. In some cases, especia l ly in strongly
shaped plasma cross-sect ions at low q a -va lues, the beta- l imit takes
the form of a hard disruption. To ensure the maximum poss ib le
operating beta, it would be prudent to retain an 8-MA plasma-current
capabi l i ty in INTOR designs.

Except near the beta-l imit, MHD-like modes, other than the sawtooth
and edge- loca l ized modes, appear to have l ittle effect on confinement

in the standard tokamak regime, in which current p ro f i les apparently
adjust themselves to provide stability against all m > 2 modes.
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Sawteeth are effectively suppressed by a variety of neutral-beam and
radio-frequency heating techniques that produce a broadening of the
current profile; however, these techniques are unlikely to be
effective at the lowest qa-values without destabilizing the m = 2
and/or m/n = 3/2 modes, thereby provoking frequent disruptions.
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DEMO REQUIREMENTS

Report of a Consultants Meeting
held in Yalta, 4 June 1986
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I. SUMMARY

1) Introduction

Upon request of the IFRC the INTOR Workshop is reviewing the list of DEMO
requirements established during Phase I (1983) of the Workshop's activity.
DEMO requirements are serving as a guide for chosing the programmatic and
technical objectives of an INTOR-like device and for orienting the fusion
programmes accordingly. The process was started by calling for an INTOR-
related IAEA Consultants' Meeting during which both the DEMO objectives and
the DEMO prerequisites were reviewed taking the present fusion programmes
and their orientation into account.

Two consultants per INTOR Partner were invited for participation. The
meeting was attended by the following persons:

EUROPEAN COMMUNITY: G. GRIEGER (chairman), R. HANCOX, W. SPEARS
JAPAN : T. TONE
USA : Y. GOHAR, G.L. KULCINSKI
USSR : V.V. ORLOV, N.A. MONOSZON

Each Partner provided an input paper on the meeting's subject. All four of
these papers are added to this report.

2) DEMO Definition

The Consultants agreed on the following, concise DEMO definition:

The DEMO is a complete electric power station demonstrating that all
technologies required for a prototype commercial reactor work reliably
enough to develop sufficient confidence for such commercial reactors
to be competitive with other energy sources. The DEMO does not need to
be economic itself nor does it have to be full scale reactor size.

Reflecting today's knowledge only DT-fuelled systems will be considered for
DEMOs. Other, advanced fuel cycles are not under consideration at present.
Similarly, fissile fuel breeding by fusion-fission hybrids is, among
others, a possible application of the nuclear fusion process. This paper,
however, only deals with pure fusion.

3) DEMO Objectives

A list of DEMO objectives was developed during Phase I of the INTOR Work-
shop. The Consultants have discussed these objectives, found them fully
consistent with those developed later by other groups (see Appendix 1) and
after two minor modifications in points (c) and (d) they were considered to
be still valid. These objectives read as follows:

(a) Production of several hundred megawatts of electricity and achievement
of net electrical power production.

(b) Production of tritium in the blanket, with a net breeding ratio
greater than unity.
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(c) Demonstration of the development and integration of large-scale com-
ponents which can be extrapolated to a commercial reactor.

(d) Demonstration of component, systems and plant reliability, availa-
bility and lifetime at a level that would be acceptable for a commer-
cial reactor.

(e) Demonstration of a safe and environmentally acceptable fusion reactor
operation that would satisfy the requirements for a commercial
reactor.

(f) Demonstration of commercial feasibility (although the DEMO would not
need to be itself economically competitive).

4) DEMO Concept

Several approaches are possible to meet the above objectives. These are
Tokamaks, Mirrors, Stellarators, Reversed Field Pinches, etc.. Compared to
the state of the art of these approaches, it would be very beneficial if
Improvements were achieved In the following areas:

- stable plasma operation at higher values of beta

- steady state operation with acceptable impurity concentrations
- efficient plasma parameter control over a wide range of fusion output

powers

- development and use of low activation materials

- low environmental impact at acceptable cost.
A number of DEMO design and reactor blanket studies (see appended input
papers) have shown advantages and implications of some of the above im-
provements. These studies mainly concentrated on the Tokamak concept and it
is also assumed in the following that the Tokamak Is the leading candidate
for the DEMO concept.

5) DEMO Operation

It is conceived that during its first phase of operation DEMO will be used
as a facility with some but limited flexibility so as to arrive gradually
at the system whose performance will be demonstrated eventually. This, e.g.
allows introducing components of advanced material (high endurance, low
activation) which could not have been extensively tested before, due to the
long times required for their development.

6) DEMO Prerequisites

After the above discussions the list of DEMO prerequisites contained in the
Phase-I INTOR report was reviewed and agreed after deletion of the
redundant statement (b) and some refinement of the statement (new f). These
broad and general prerequisites for the design and construction of DEMOs
now read as follows:
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(a) Development of an adequate plasma physics and engineering data base
for the prediction of the performance of DEMOs.

(b) Development of fusion reactor components.

(c) Testing of component integration into an overall fusion reactor
system.

(d) Testing of fusion reactor maintainability.

(e) Testing of component and overall reactor system reliability, at least
to some significant fraction of availability and design lifetime of
the DEMOs.

(f) Testing of blanket under power reactor conditions.

(g) Testing of the safety and environmental characteristics of a fusion
reactor.

7) Concluding Remarks

It is an important observation made by the consultants that an essential
and indispensable part of the data base required for successful construc-
tion of DEMOs can only be expected from a fusion engineering test reactor.
This is particularly true for the technology part of the data base but also
holds for plasma physics. Furthermore, if all elements of the data base are
to be established at a roughly equal pace and in an economic fashion some
additional engineering test feasibilities will be necessary as well. These
observations were immediate, without going deeply into programmatic dis-
cussions.
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II. NATIONAL CONTRIBUTIONS

ON THE DEFINITION OF A DEMO REACTOR

R. HANCOX
JET Joint Undertaking,
Culham Laboratory,
Abingdon, United Kingdom

1. Introduction

Vhile there have been many detailed studies of conceptual commercial
power producing tokamak reactors there have been only a few studies
which are specified as DEMO reactors. A general assumption is that a
DEMO reactor will demonstrate the technology required to build a
commercial reactor system and will demonstrate the potential for the
economic generation of fusion power, although not Itself generating
electricity at an economic cost.

In Section 2 the definitions of a DEMO reactor used In various studies
and workshops since 1977 are summarized. Table 1 compares the proposed
parameters of several DEMO reactors with proposed parameters for two
commercial reactors and the Next Step studies INTOR and NET. Some
questions for discussion are Introduced in Section 3, and In Section 4
the design of a DEMO reactor is illustrated by details of a recent
Culham DEMO design study.

2. Definitions of DEMO

2.1 Madison 1977

A convenient starting point Is the definition used by the 2nd IAEA
Technical Committee and Workshop on Fusion Reactor Design Concepts held
at Madison in October 1977 [l], which was from a Euratom paper [2], and
was as follows:-

"The DEMO is a complete electric power station demonstrating that
all technologies required for a prototype commercial reactor work
reliably enough to develop sufficient confidence for such a
reactor to be built. The DEMO does not need to be economic itself
nor does it have to be of full scale reactor size, but it has to
«how the existence of sufficient safety margins for all the
technologies involved in the prototype."
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Table 1 Reactor paraneters

NET electrical
power W)

Gross thennal
power (hW)

Major pi aim
radius (m)

Minor plasna
radius (n)

Plasma
elongation

Plaana current
(HA)

Average
toroidal beta(X)

Toroidal field
on axis (T)

Plasnas heating
(HO

Burn pulse
length (sec)

Neutron veil
loading (îu/nr)

CoonErcial
Power
Reactors

Culhan
IIB

1200

3400

6.7

1.9

1.75

10.2

9.2

4.0

200
NBI

quasi-
Steady

4.5

Starfire

1200

4000

7.0

1.94

1.6

10.1

6.7

5.8

90
RF

Continuous

3.6

EEMO Reactors

ANL
HMD

290

1050

5.2

1.3

1.6

9.0

8.0

4.8

REB

Cnnf" 1 r» ira ic

1.8

FINTOR-0

600

1900

8.1

2.2

1.35

8.9

7.0

4.4

290
NBI

quasi-
steady

1.3

ftilhan

UK)

600

2600

6.8

1.6

1.6

9.3

5.6

6.0

80
NBI

1000

2.6

NET
CBD-3

628

2200

8.8

2.05

1.65

12.7

3.5

6.3

5000

1.4

Next Step
Reactors

INK»

-

585

5.0

1.2

1.6

8.0

4.9

5.5

50
ICRH

100-
200

1.3

NET
EH

-

600

5.2

1.35

2.18

10.8

4.2

5.0

50
ICRH

200

1.0
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2.2 Tokyo 1961

The working definition used in the 3rd IAEA Technical Committee and
Workshop held at Tokyo in October 1981 [3], was more specific:-

• Tritium breeding ratio BR^l

• Electrical power
a) Net power
b) P ~ 300-500 MW(e)

• Reliability - operation
a) Availability over above one year: 50-702
b) Maintainability under normal and abnormal conditions

• Plant requirements
a) Components life-time and design extrapolatable to

commercial plant
b) Demonstrate essential reactor plant system requirements

• Safety and environment - demonstrate acceptable performance

• Economics - evaluate commercial feasibility of fusion; but
DEMO is not necessarily itself economically competitive

2.3 Fintor 1981

The FINTOR demonstration reactor FINTOR-D, studied at JRC Ispra [A],
was defined as:

"A full fusion plant, generating electrical power, able to
demonstrate the feasibility of all the technologies required for a
prototype reactor station."

2.A ANL 1982

A further definition used by the STARFIRE team at Argonne National
Laboratory as a basis for their DEMO study [s] was:-

• Demonstrate a level of performance for all components in an
integrated power plant system which is satisfactorily
extrapolatable to a first commercial reactor.

• Demonstrate system availability at a level which will be
satisfactory extrapolatable to a first commercial reactor.
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• Demonstrate that a tritium-breeding, power-producing blanket
can operate at conditions required for commercial reactors;
i.e., a net tritium breeding ratio greater than unity, an
acceptably low tritium inventory in the blanket, a
sufficiently high temperature operation to permit acceptable
thermal conversion efficiency, and other requirements similar
to other components (eg., reliability, safety, lifetime,
etc.).

• Demonstrate safe and environmentally acceptable operation.

• Demonstrate compatibility with utility grid operations
including off-normal conditions.

2.5 INTOR 1982

The definition adopted by the INTOR team in the INTOR Phase I report
[d] was that DEMO reactors would generally have the following
objectives:-

(a) Production of several hundred megawatts of electricity and
achievement of net electrical power production.

(b) Production of tritium in the blanket, with a net breeding
ratio greater than unity.

(c) Demonstration of the development and integration of
full-scale components which can be extrapolated to a
commercial reactor.

(d) Demonstration of component and system reliability,
availability and lifetime at a level that would be acceptable
for a commercial reactor.

(e) Demonstration of safe and environmentally acceptable fusion
reactor operation that would satisfy the requirements for a
commercial reactor.

(f) Demonstration of commercial feasibility (although the DEMO
would not need to be itself economically competitive).

In the same report the role of INTOR was defined by identifying the
physics and technology requirements for the construction of the DEMO:

(a) Development of an adequate plasma physics and engineering
data base for prediction of the performance of the DEMOs.
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(b) Demonstration of the plasma physics performance required for
the DEMOs.

(c) Development of fusion reactor components.

(d) Testing of component integration into an overall fusion
reactor system.

(e) Testing of fusion reactor maintainability.

(f) Testing of component and overall reactor system reliability,
at least to some significant fraction of the availability and
design lifetime of the DEMOs.

(g) Testing of electricity and tritium production by fusion.

(h) Testing of the safety and environmental characteristics of a
fusion reactor.

2.6 NET 1984

The NET team have defined the relevance of NET to DEMO [?]. The
relationship between NET and DEMO was considered, leading to the
conclusion that DEMO should demonstrate:-

- net electrical power production

- breeding ratio greater than unity

- reliability, availability and lifetime at a level which can be
extrapolated to a commercial reactor

- safe and environmentally acceptable operation which would
satisfy the requirement of a commercial reactor

- commercial feasibility of fusion power although DEMO itself need
not be economically competitive

In the same paper they concluded that NET should adopt, as far as
poss'ible, DEMO relevant design and technologies and should have the
capability of performing engineering tests for the development of DEMO
components by providing the required environment. The technological
objectives of NET were thus;

- development of fusion reactor components on a scale which can be
extrapolated to DEMO;
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- testing of these components in an integrated way and in a real
fusion reactor environment, to a fluence adequate to predict
their performance and reliability under DEMO operating
conditions ;

- demonstration of the safe and environmentally acceptable
operability of a fusion reactor-like device.

- testing of tritium and energy production in reactor relevant
conditions.

Therefore the main technical requirements of NET were specified
as:

- neutron wall loading: 1-1.5 MW/m2

- total neutron fluence: 2-3 MWy/m3

- average availability: ~ 20%

- number of pulses: 100,000

- breeding ratio: £ 0.7

- capability of testing blanket/first wall prototypes

The degree of extrapolation needed in going from a NET type device
to a DEMO as far as scale of performance, operating conditions and
lifetimes were concerned, were approximately estimated to be:

- linear dimension: x 1.2

- plasma power density: x 1.5

- pulse length: x 1 - 5

- wall loading: x 2

- neutron fluence x 3 - 5

- breeding ratio: x 1.5

- availability: x 2 - 3
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2.7 NET 1985

More recently the NET Team has stated [s] that to estimate the degree
of extrapolation necessary from NET to DEMO it is sufficient to
characterize DEMO as follows:

- the same physics scaling as NET

- a breeding ratio larger than one and net electricity
production

- a pulse length in the range of several thousand seconds

- replacement of the first wall and blanket in the life of the
reactor assumed to be equivalent to 10 full power years.

À series of DEMO parameters were developed [9] to illustrate the cost
implications of alternative requirements. The parameters Included in
Table 1 correspond to a minimum cost reactor with the first vail power
loading set at 80Z of the loading proposed for a First Commercial
Tokamak Reactor.

2.8 Culham 1985

The definition used in a recent Culham DEMO study [lOJ was "A reactor
that employs the technology which might be extrapolated to that
required for the commercial exploitation of fusion power." The alms of
a DEMO reactor were as follows:-

1. to produce several hundred MW of net electrical power;

2. to produce, with high availability, wall loadings close to
those needed in a commercial reactor, for materials and
component testing;

3. to be self sufficient in tritium;

4. to be maintainable and safe in operation;

5. to demonstrate the economic feasibility of a commercial
tokamak reactor;

3. Questions for discussion

The above definitions all make essentially similar statements.
Furthermore, these statements are fully consistent with the definition
adopted by 1NT.OR in 1982.
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This definition leaves a number of open questions:-

1. The level of physics which forms an acceptable basis for the
construction of DEMO. It may not be sufficient to have a physics
data-base which allows a prediction of performance or guarantees
ignition. In particular it is unlikely that the presently
achieved values of ß in a tokamak could give economic fusion
power. In forecasting possible parameters for a DEMO it may be
necessary to choose between the present achievement of physics or
an optimistic extrapolation.

2. The level of first wall power loading. This will be a major
technological constraint on the overall power density, and hence
affect economics. It will be important that this is sufficiently
high in DEMO that the same coolant technology is used as that
required for a power reactor. There are arguments, however, for
requiring a higher wall loading in DEMO to allow accelerated
life-testing of the first wall and the demonstration of high
reliability of this critical item.

3. Whether DEMO is a single design or a development system. In
principle, a single basic structure could accommodate several
different nuclear blankets (concurrently or consecutively) and
therefore demonstrate different technologies. Alternatively,
staged operation would allow technologies to be developed and then
tested for extended periods in a single machine. In either case
it will be important to demonstrate the reliable operation of a
complete system rather than of individual components.

4. The need for steady state output from an electricity generating
reactor. The transition from present designs of pulsed Next
Step reactors to steady state power reactors should occur before
the construction of DEMO. Alternatively, if power reactors are to
be based on pulsed plasma devices then DEMO components must be
life tested in the correct high-cycle fatigue regime.

5. Whether base-load or load-following characteristics are required.
Present fusion reactors are primarily designed for full-power
operation; nuclear power systems of the next century may require
load-following characteristics, which Impose additional
requirements on large structures.

6. The assumption that the tokamak, which is the basis of the NET and
1NTOR designs, will be the basis for a DEMO.
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4. Culham DEMO Study

An outline design of a DEMO reactor was undertaken by the United
Kingdom Atomic Energy Authority during the period June 1983 to
December 1984 as part of the Euratom Fusion Technology Programme. The
design has been summarized in a paper at the IAEA conference on Plasma
Physics and Controlled Nuclear Fusion [ll] and fully reported in a
Culham Report [lOJ.

The DEMO was required produce net electricity, breed sufficient tritium
to close the fuel cycle and to operate with a high availability. In
this conceptual design study, emphasis vas given to aspects of the
reactor which had a critical bearing on these requirements. Thus, the
main design effort was devoted to the high temperature tritium breeding
blanket, attention being given to the closely related topics of the
first vail, the dlvertor and the design and positioning of components
to satisfy the requirements of remote maintenance procedures. The
design of the remaining parts of the reactor vere considered only to
the extent required to give a reasonably consistent overall concept.

The DEMO reactor design vas based on the INTOR pulsed tokamak and its
European version NET, vith an increase in the size and vail loading to
raise the fusion power from 600 MU to 2000 MW leading to a total
thermal pover output of 2600 MW and an electrical output of ~ 1100 MW.
Notable features of the DEMO vhich differ from those of the INTOR/NET
design Included the honeycomb ferritic steel blanket structure
containing the solid or liquid tritium breeding material, a first vail
consisting of tungsten tiles radiating to a helium-cooled copper vail
and a thin tungsten-rhenium dlvertor target cooled by high pressure
vater and protected from sputtering damage by a thin layer of liquid
tin.

Two main tritium blanket options vere studied, one employing a solid
and the other a liquid breeder. The work vas divided betveen tvo
groups, the engineering design of the blanket based on solid breeder
being studied mainly at Culham and the liquid breeder at Risley.
Neutronics support for both designs vas largely carried out at Uarvell
and advice on the ceramic tritium breeding material itself vas provided
by Springfields.

The main parameters of the DEMO design point are shown in Table 2 with
INTOR parameters shown for comparison purposes.

The general conclusion of the Culham DEMO study vas that a feasible
outline design had been developed, but that many of the technological
features differed significantly from those currently foreseen for NET.
Thus it is still an open question as to vhether the technologies
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Table 2 - DEMO Reactor Parameters

DEMO INTOR

Plasma major radius
Plasma minor radius
Plasma elongation
Fusion power
First wall neutron loading
Blanket/shield thickness
Plasma pressure ratio, ß* (?)
Safety factor
Mean plasma temperature
Toroidal field on plasma axis
Peak toroidal field
Plasma current
Mean plasma fuel density

Burn time
Cycle time (maximum)
Availability (maximum)
Machine lifetime
Blanket changeout rate

m
m

MW
MW/m2

m
Z

keV
T
T
MA

102°m-3

s
s
Z

years
per year

6.8
1.6
1.6

2000
2.6
1.5
7.7 (5.6)
2.1
10
6.0
11.0
9.3
1.7

1000
1050
75
20
0.5

5.3
1.2
1.6

620
1.3
1.32
7.7 (5.6)
2.1
10
5.5

11.5
6.4
1.4

200
250
50
15

adopted for Next Step devices should be determined to a greater extent
by the needs of DEMO, or whether a significant change in technologies
can be contemplated for the design of DEMO reactors.
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DEMO OBJECTIVES AND PREREQUISITES

T. TONE
Japan Atomic Energy Research Institute,
Ibaraki, Japan

DEMO OBJECTIVES

Among various methods for u t i l i z ing f u s i o n e n e r g y , e l e c t r i c i t y
g e n e r a t i o n is a primary and realistic option. In the following text ,
D E M O i s d i s c u s s e d f r o m the v i e w p o i n t o f a s t e p t o w a r d t he
commercial izat ion of electricity generated from fusion energy.

( a ) P r o d u c t i o n o f s e v e r a l h u n d r e d m e g a w a t t s e l e c t r i c i t y a n d
achievement of the net electrical power production:
DEMO should provide data for accurately e s t i m a t i n g the e l e c t r i c

power r e q u i r e d for o p e r a t i n g a commercial reactor, part icularly for
plasma operation, including plasma heating and cur ren t d i r v e , p lasma
c o n t r o l p o w e r c a p a c i t y and r e f r i g e r a t i o n capac i ty of c ryogen ic
sys t ems . Stable s t eady state e l e c t r i c i t y p r o d u c t i o n s h o u l d be
d e m o n s t r a t e d even if a quas i - s t eady s ta te plasma operation mode is
used . To be a r e a s o n a b l e s t e p t o w a r d a c o m m e r c i a l r e a c t o r ,
demonstration of the production of a substantial amount of e lectr ic i ty
s h o u l d b e necessary i n D E M O . S t e a m c o n d i t i o n s f o r g e n e r a t i n g
electr ic i ty should be equivalent to those of a commercial reactor.

(b) Production of tritium in the blanket, with a net breeding ratio
greater than unity:
In i t i a l t r i t i u m i n v e n t o r y f o r c o m m e r c i a l r e a c t o r s w i l l b e

e v e n t u a l l y supp l i ed f rom DEMOs . A DEMO generating several hundred
megawatts electricity and operating to a fluence of -5 M W « y / m 2 w i t h a
net b r e e d i n g r a t i o of -1 .05 , wil l p r o v i d e the t r i t i u m (presumably
10-20 kg) required for initial operation of a commercial reactor. The
t r i t i u m breed ing ra t io r e q u i r e d for DEMO and commercial reactors is
not h igh , but the confi rmat ive demonstration of a net b r e e d i n g r a t i o
i s a key i s s u e fo r D E M O . I f a t r i t i u m d e m a n d fo r s u b s e q u e n t
commerc ia l reactors is g rea t , a h igher b r e e d i n g r a t i o in DEMO is
desirable.
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(c) Demonstrat ion of the development and i n t e g r a t i o n of f u l l - s c a l e
components which can be extrapolated to a commercial reactor:

When the DEMO generates several hundred megawatts electricity and
p r o v i d e s a net b r e e d i n g ra t io greater than u n i t y , the scale of
components and their opera t ing cond i t i ons are ex t rapo la tab le to a
commercial reactor.

(d) Demonstration of component and system reliabil i ty, availabil i ty
and l i f e t ime at a level that would be acceptable for a commercial
reactor:
Rel iab i l i ty and availabil i ty of the entire fusion plant should be

demonstrated. In particular, demonstra t ion of component and sys tem
r e l i a b i l i t y , a v a i l a b i l i t y and l i f e t i m e for plasma side components
( f i rs t wall /blanket , divertor/pump l imi ter , RF launcher) used under a
f u s i o n e n v i r o n m e n t a re essent ia l . O p e r a t i n g condi t ions in D E M O ,
particularly thermal and pa r t i c l e loads f r o m the plasma should be
c lose to those expec ted for a commerc ia l r eac to r . The l i f e t i m e
neutron fluence required for DEMO should be at least twice the min imum

value r e q u i r e d for a f i r s t w a l l / b l a n k e t in a commerc i a l l y v iab le
reactor. This is necessary to attain rel iabi l i ty data for d u p l i c a t e
components.

( e ) D e m o n s t r a t i o n o f safe a n d e n v i r o n m e n t a l l y a c c e p t a b l e f u s i o n
r e a c t o r o p e r a t i o n that would s a t i s f y the r e q u i r e m e n t s for a
commercial reactor:
Since the ope ra t ion mode and conditions, configurat ion of plant

systems, scale of individual components and systems, t r i t ium inventory
and r a d i o a c t i v i t y intensit ies are near a commercial reactor level,
safe and environmentally acceptable DEMO operation should d e m o n s t r a t e
that the requirements for a commercial reactor can be sa t is f ied. The
DEMO operation should provide data to predict s a f e ty costs w h i c h are
p r a c t i c a l l y achievable in a commercial reactor. The safety cost data
i s r e q u i r e d to develop ra t iona l s tandards for s a f e t y and d e s i g n
criteria.
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(f) Demonstration of commercial feasibi l i ty (although the DEMO would
not need to be itself economically competi t ive):

Commerc ia l f e a s i b i l i t y i s associated w i t h f a b r i c a t i o n cos t ,
ma te r i a l resources , e f f i c i e n c y and per fo rmance of systems, plasma
performance, availabili ty, component l i f e t i m e , s a f e t y i n c l u d i n g the
control of radwastes, electrical power output , and so forth. When the
DEMO satisfying the above f e a t u r e s is cons t ruc ted and operates as
d e s i g n e d , the data for accurately estimating the cost of a commercial
reactor will be provided.

F o r c o m m e r c i a l i z a t i o n t h e f o l l o w i n g p l a s m a p h y s i c s a n d
e n g i n e e r i n g r equ i r emen t s should be d e m o n s t r a t e d . As for p l a s m a
p e r f o r m a n c e the demons t r a t i on of non-inductive plasma current drive
and plasma disruption control is most desirable for commercialization.
The spu t t e r ing erosion environment (plasma boundary physics) expected
for INTOR which would lead to serious problems for the plasma side
component l ifetimes of a commercial reactor must be made less severe.
The plasma of a commercial reactor level wil l operate in an over-
i g n i t i o n s ta te , in which the alpha heating power will exceed greatly
that r equ i r ed to susta in an igni t ion plasma. The re fo re , DEMO is
r equ i r ed to demonstrate fusion power control of an excessively heated
plasma by some effect ive method, e .g . , enhanced r a d i a t i o n loss w i t h
use of impuri t ies. The enhanced radiation method has the advantage of
m i n i m i z i n g the heat load on the limiter or divertor plate.

D E M O m i g h t have some character is t ics of a test b e d , e .g . for
select ion of p r i m a r y cand ida te s t ruc tu ra l m a t e r i a l s s u b j e c t e d to
substantial fluence levels ( > 1 0 M W « y / m * ) . There will be a possibil i ty
that a commercial reactor employs economical ly a t t r a c t i v e advanced
m a t e r i a l s d i f f e r e n t f rom those used for DEMO construction which are
c h o s e n based o n t h e da ta base p r o v i d e d f r o m I N T O R a n d i t s
c o m p l e m e n t a r y test f a c i l i t i e s . Improvement of maintenance concepts
and technologies obtained from DEMO operation will be introduced to a
commercial reactor.
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DEMO PREREQUISITES

(a) D e v e l o p m e n t of an adequa t e plasma physics and engineering data
base for prediction of the performance of the DEMOs:
P l a s m a p h y s i c s d a t a base f o r n o n - i n d u c t i v e current d r i v e

operation is a key demonstration issue as well as the selection of its
r e l i a b l e and h i g h e f f i c i e n t d r i v e r to be used in D E M O . I t i s
desirable to implement plasma heating and current drive w i t h the same
s y s t e m . I N T O R opera t ion should p rov ide information for opt imized
plasma pa ramete r s and c o n t r o l l a b i l i t y of an i gn i t ed p l a s m a w i t h
minimized diagnostic requirements for DEMO. If the burn t ime of INTOR
is 100-150 seconds and DEMO operates in an i nduc t ive cu r ren t d r i v e
mode, demonstration of the controllability for the resistive skin time
(several hundred seconds) must be performed in DEMO.

(b) Demonstration of the plasma physics performance required for
the DEMOs:

T h e c u r r e n t p l a s m a d e s i g n c o n d i t i o n s e m p l o y e d i n I N T O R ,
p a r t i c u l a r l y plasma d i s r u p t i o n cond i t i ons and s p u t t e r i n g e ros ion
e n v i r o n m e n t , should be eased by INTOR operation itself. An approach
to ach ieve s t ab le , higher beta c o n f i g u r a t i o n s is r e q u i r e d to be
d e m o n s t r a t e d . I m p u r i t y control labi l i ty by pumped l imiter should be
demonstrated if it is an attractive option for DEMO and a c o m m e r c i a l
r eac to r . D e m o n s t r a t i o n of plasma pos i t ion controllabili ty wi thout
additional conduc t ing elements in b lanke t s is des i rab le s ince the
c o n d u c t i n g m a t e r i a l s for passive control presently considered (e .g .
Cu, Be) are not appropriate for use in DEMO and commercial reactors in
view of radiation damage, deleterious impact on t r i t ium breeding ( C u ) ,
and difficult ies in use at high temperature ( C u ) .

(c) Development of fusion reactor components:
Development of plasma side components is most i m p o r t a n t . I N T O R

sevrés as a test bed in a fusion environment, but its neutron f luence
is not suf f ic ient to predict the per formance near component end-of -
l i f e ( p a r t i c u l a r l y f i rs t wall/blanket structural mater ia l ) for DEMO.
High d e n s i t y neu t ron source f a c i l i t i e s would be i n d i s p e n s a b l e to
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a c h i e v e s u b s t a n t i a l f l u e n c e levels (5 -10 M W « y / m 2 ) f o r t e s t i n g
candidate structural materials for DEMO, if the INTOR l i fe t ime fluence
is -3 M W - y / m 2 .

(d) Testing component i n t e g r a t i o n into an overall f u s i o n reactor
system:

INTOR operation will provide valuable i n f o r m a t i o n on component
i n t e g r a t i o n under a f u s i o n e n v i r o n m e n t . Head load and temperature
distr ibut ions in torus system components during baking, o p e r a t i o n and
s h u t d o w n are n o n - u n i f o r m , w h i c h brings about thermal distortion and
displacement of components and the overall system. This e f f e c t s the
d e s i g n o f s u p p o r t s t r u c t u r e s and jo in t m e c h a n i s m s , and remote
maintenance for assembly/disassembly. It is necessary to elucidate
the n o n - u n i f o r m heat load d i s t r i bu t ion , and its associated problems
and countermeasures, in INTOR.

An o p t i m i z e d s h i e l d i n g c o n f i g u r a t i o n should be deve loped to
assure the shielding performance required to allow a c c e s s i b i l i t y for
hands-on maintenance.

(e) Testing of fusion reactor main ta inabi l i ty :
T o o l s and t e c h n i q u e s r e q u i r e d fo r DEMO m a i n t e n a n c e can be

developed based on INTOR operation experiments and in test f a c i l i t i e s
i n c l u d i n g a mock-up fac i l i ty for DEMO. Technological issues for DEMO
m a i n t e n a n c e a r e r e d u c t i o n o f m a i n t e n a n c e w o r k i n g t i m e t o r a i s e
a v a i l a b i l i t y and countermeasures for accidents including an accident
dur ing a remote maintenance procedure.

( f ) T e s t i n g o f componen t and overal l reactor s y s t e m r e l i ab i l i t y ,
at least to some s ignif icant f rac t ion of avai labi l i ty and des ign
l i f e t i m e of the DEMOS:
If re l iabi l i ty is p robab i l i s t i ca l ly d e t e r m i n e d , the data base

provided from INTOR operation would be insufficient for plasma side
components in DEMO which requires much higher availabil i ty and des ign
l i f e t i m e than I N T O R . H o w e v e r , considerable RiD efforts for plasma
side components in test f a c i l i t i e s w i t h n o n - r a d i a t i o n e n v i r o n m e n t s
would be r e q u i r e d to develop r e l i ab i l i ty data to some significant
level.

146



(g) Testing of electricity and tr i t ium production by fusion:
Electr ici ty production in INTOR is not technologically important,

if its plasma operates for a short pulse with a low duty cycle and
blankets w i t h low coolant t e m p e r a t u r e are employed. T e s t i n g of
e l e c t r i c i t y s h o u l d be demons t r a t ed in a test modu le in reac tor
r e l e v a n t c o n d i t i o n s ( p a r t i c u l a r l y h i g h coo l an t t e m p e r a t u r e ) .
Demonstration of t r i t ium production and its in-situ recovery should be
a primary object ive of I N T O R . The data base and c a n d i d a t e b l anke t
concepts to ach ieve a net breeding ratio greater than unity in DEMO
should be developed based on INTOR and tests in c o m p l e m e n t a r y test
f a c i l i t i e s . In pa r t i cu l a r , unce r t a in t i e s in the b r eed ing r a t io
predic t ion should be decreased as much as possible for c a n d i d a t e
blanket concepts whose breeding ratio are estimated to be marginal .

(h) Testing of the safety and environmental characteristics of a
fusion reactor:

Fundamental t r i t ium handling and processing technologies for DEMO
wil l be es tab l i shed in INTOR, since the amount of t r i t ium handled in
I N T O R does n o t d i f f e r essent ia l ly f r o m t ha t i n D E M O . T r i t i u m
p e r m e a t i o n problems through high temperature components and piping in
DEMO require the development of a data base for the DEMO d e s i g n . As
for s a f e t y , ra t ional s a fe ty s tandards should be deve loped and a
technological effort to reduce safety cost should be pursued.
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PERSPECTIVE ON A POWER DEMONSTRATION
TOKAMAK REACTOR

Y. GOHAR, C. BAKER, J. BROOKS, D. EHST, D. SMITH
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract

Technical perspectives and conceptual design of the
tokamak device (DEMO) that might follow ETR/INTOR is
discussed. The objectives and requirements of the DEMO are
viewed as a part of a comprehensive fusion research and
development program. An overview of the data base required for
successful DEMO operation is summarized based on previous
studies.

1.0 INTRODUCTION
The success of tokamak research throughout the world has

provided a strong incentive to examine the objectives and
issues related to a Demonstration (DEMO) Tokamak Power Reactor;
the next step after an ETR/INTOR type of test reactor. This
paper briefly describes the objectives and the role of the DEMO
which begins the process of fusion commercialization. An over-
view based on several studies [1-3] is summarized.

2.0 OBJECTIVES AND ROLES OF THE DEMO
The DEMO is expected to produce a few hundred magawatts of

net electrical power and demonstrate the ability to extrapolate
to an economically competitive system. This will be confirmed
during the design and development program for DEMO and during
its operation. A plant availability factor above 75% is an
essential requirement for an economically competitive
commercial system. In order to minimize the risk in achieving
such an availability, the step after DEMO requires that: a)
any extrapolation from the DEMO should be straightforward and
based on tested or existing technologies, b) any extrapolation
of performance parameters from those achieved in DEMO should be
minimized, and c) flexibility should be provided in the DEMO
operational schedule to develop and test high performance
components for commercial applications. The tritium breeding
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capability of the DEMO must be adequate to supply its tritium
fuel requirement as well as generate some surplus. The DEMO
has to demonstrate safe and environmentally acceptable
performance which sat is f ies the requirements of commercial
power plants.

In reviewing past demonstration devices, a range of two to
ten in power output is typical for the step size (scale factor)
in reactors from DEMO to commercial. When only electrical
power plants are considered, the step size range reduces to
approximately three to five. Based on these considerations, a
fusion DEMO sized for 150 to 300 MWe would be appropriate.

For DEMO, several assumptions concerning ETR/INTOR and the
fusion development program were made:

• ETR/INTOR construction and operation will demonstrate
integrated technologies for confining, heating,
fueling, and burn control of the plasma. These
include superconducting magnets, RF or other plasma
heating technology, pellet injection or an
alternative, vacuum systems, and tritium processing
technology (except blanket technology).

• An impurity control system will be developed through
testing in ETR/INTOR and complementary physics and
engineering facilit ies.

• Although ETR/INTOR may not be operated in steady-
state, sufficient testing will be performed in
ETR/INTOR and other complementary facilit ies to demon-
strate the feasibility of steady-state operation
before the construction of the DEMO.

• Tritium-breeding blanket technology will be
aggressively pursued by testing in fission reactors
and other complementary facilities to select blanket
concept(s). Testing in ETR/INTOR will provide
sufficient information to confirm the selection of the
blanket design for the DEMO.

• If the DEMO is to be built by about the year 2000,
then there may be insufficient time prior to construc-
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tion to develop and qualify a structural material
other than stainless steel. However, if the DEMO is
built later, then a combination of testing in
ETR/INTOR, f iss ion reactors, and other complementary
facil i t ies will provide the required information for
other structure materials.

• An availability factor of about 25% will be achieved
in ETR/INTOR. Learning experience from complementary
technology development efforts and early ETR/INTOR
operation will confirm the design extrapolation to the
DEMO level.

• Ignition related issues will be developed through
testing in CIT and other physics devices.

Based on the above, the following objectives for the DEMO
can be stated:

• Demonstrate a level of performance for all components
in an integrated power plant system which is sat isfac-
torily extrapolatable to a first commercial reactor.

• Demonstrate plant availability at a level which will
be satisfactorily extrapolatable to a f irst commercial
reactor.

• Demonstrate that a tritium-breeding, power-producing
blanket can operate at conditions required for commer-
cial reactors; i.e., a net tritium breeding ratio
greater than unity, an acceptably low tritium
inventory in the blanket, a sufficiently high tempera-
ture operation to permit acceptable thermal conversion
eff iciency, and other requirements similar to other
components (e.g., reliability, safety, lifetime,
etc.).

• Demonstrate safe and environmentally acceptable opera-
tion.

• Demonstrate compatibility with electrical grid
operations including off-normal conditions.
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3.0 DEMO DESIGN FEATURES AND MAIN PARAMETERS
Design features and main parameters were developed to

achieve the DEMO objectives discussed in the previous
section. Two sets of design parameters were developed using
different assumptions. The first set was defined based on
conservative assumptions concerning the extrapolation from
ETR/INTOR to DEMO. Three constraints were adopted for the
first set of parameters: (1) the superconductor magnet
technology developed for ETR/INTOR will be used for DEMO to
avoid extra cost and design risk accompanied with higher
magnetic field values, (2) the physics developed and tested in
previous devices will be used for DEMO, and (3) the minimum
size as defined by ignition requirements was employed to help
in reducing the DEMO capital cost. Table I gives the main

Table I Range of DEMO Parameters Compared
to INTOR and STARFIRE

PARAMETER

Thermal Power, MWth

Elec. Power, MWe (Net)

Major Radius, R (m)

Minor Radius, rp (m)

Plasma Elongation

Bmax <T)

Wall Loading (MW/m2)

Availability

s

Plasma Heating

Impurity Control

Operating Mode

Li fetime

INTOR

585

> 5

4.9

1.2

1.6

11

1.3

0.25

0.049

Neutral Beam
(RF Backup)

Divertor
(Limiter Backup)

Pulsed
> 100-s burn

4 x 105

Pulses

DEMO

800-1000

200-300

5.0-5.2

1.2-1.3

1.6

10

1.5-2.0

0.50

0.06-0.08

RF

Limiter or
Divertor

Steady -state
Driver

20 y

STARFIRE

4000

1240

7.0

1.9

1.6

11

3.6

0.75

0.067

RF

Pumped
Limiter

Steady-state
RF Driver

40 y

Tritium Breeding
Ratio > 0.6 > 1.0 > 1.0
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parameters developed for DEMO as well as the corresponding
values for INTOR (step before DEMO) and STARFIRE (commercial
pi ant).

The second set of design parameters assumed that enhanced
physics (higher beta in the second stability regime) are tested
in the previous devices for use in DEMO. The enhancement in
the physics was used to reduce the magnetic field
requirement. The motivation for this approach is to reduce the
capital cost of the DEMO. Table II gives the second set of
parameters.

A DEMO conceptual design [2] was developed based on the
first set of parameters. Special attention was given to im-
prove the plant availability, maintainability, modularity, and
safety. The reactor has a major radius of 5.2 m and operates
steady state with a neutron wall loading of 2.1 MW/m^. The
reactor produces 330 MWe in addition to providing 55 MWe for
recircul ating power. An isometric view of the reactor is shown
in Fig. 1. The reactor has 8 TF coils, 8 blanket/shield
sectors, 8 limiter modules, and 8 EF coils. Figure 2 shows the
reactor cross section. The TF coils were designed for 10 T
peak field with a NbTi superconductor. The design uses the
center post to support the coil in-plane loads at the top and
bottom of the coil inner leg. This permits the coil height to
be reduced by about 3 m relative to the convential shape, which
reduces the total EF coil stored energy by a factor of 3. The
EF coils utilize a NbTi superconductor and use the TF coils for
support. The vacuum boundary has been located outside the TF
coils to simplify TF coil replacement, and minimize the inboard
radial build. Coils and shields were designed to be long-lived
components and should not require replacement, however,
provisions are made for remotely replacing them. The vacuum
pumps are located in the basement of the reactor building for
independent maintenance. A remote maintenance scenario was
selected for DEMO to demonstrate feasibility for commercial
reactors. However, the DEMO design allows workers to access
the reactor hall. Two tritium breeding blanket concepts were
considered for DEMO: a) Li'20 breeder/water coolant/steel
structure, and b) 17Li83Pb breeder and coolant/steel
structure. Blanket technology research will narrow down the
blanket concepts for DEMO based on the test results from
complementary facilities and ETR/INTOR.
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Table II Some Selected DEMO Parameters

Parameter First Set Second Set

Net Electric Power, MWe
Gross Electric Power, MWe
Fusion Power, MW
Thermal Power, MW
Gross Turbine Efficiency, %
Overall Availability, Ï
Average Neutron Wall Load, MW/m2

Major Radius, m
Plasma Half -Width, m
Plasma Elongation (b/a)
Inboard Blanket/Shield
Thickness, m

Plasma Scrapeoff Thickness
- Inboard, m

Plasma Scrapeoff Thickness
- Outboard, m

Plasma Current, MA
Average Toroidal Beta
Toroidal Field on Axis, T
Maximum Toroidal Field, T
Number of TF Coils
Peak-To-Peak Field Ripple

(Plasma Edge), %
Plasma Burn Mode
Plasma Heating Method
Current Drive Method
Impurity Control

Tritium Breeder

Breeding Ratio, Net
Maximum Component Weight

(TF Coil), Mg
EF Coil System Stored Energy, GJ
TF Coil System Stored Energy, GJ

150
385
1069

1138
33.6
50
2.1
5.2

1.3
1.6

1.2

0.2

0.17
12
0.075
4.8
10
8

3.5
Continuous
RF
RF
Pumped
Limiter

L120
(or !7L183Pb)
1.05

440
5.7
20

332
475
845
1055
45.0
50
2.3
5.3
0.88
2.0

0.95

0.08

0.08
3.6

0.25
3.5
5.4
16

~ 3
Continuous
RF
RF
Self Pumped
Limiter

L120
(or Li)
1.05

100
0.2
~ 5
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Fig. 1. Isometric View of DEMO Design

t F COIL

CFCOIl

FIRST WALL

FIBERGLAS SUPPORT

TF COIL SUPPORT

BLANKET/SHIELD PEDESTAL

BLANKET/SHIELD SECTOR

BLANKET

LIMITER MODULE

VACUUM PUMP III

Tig. 2. Vertical Cross Section of OHIO

154



4.0 DATA BASE

The data base required to resolve the key issues for
successful DEMO are presented here for the following areas: a)
Impurity Control, b) Tritium Breeding Blanket, c) Nuclear Data
and Methods for Blanket/Shield, and d) Maintenance and
Conf igurat ion. The research and development (R&D) needs
identif ied here are limited to those impacting key issues.

4.1 First Wal l and Impurity Control Systems

An analysis of pumping characteristics of divertor/1imiter
system for DEMO indicates that high conductance for the pumping
duct conductance (and therefore a large duct) will be necessary
to remove the helium. Typically, 5-10% of the particles
escaping the plasma must be pumped to remove the helium
produced during operation. The large pumping ducts required
for helium removal have a negative impact on the overall
configuration in general, and the tritium breeding and neutron
shielding, in particular. Due to the lack of a data base
related to the pumping channel characteristics, experiments
should be planned to develop an understanding of the neutral
behavior, including plasma-neutral interactions for edge
conditions appropriate to DEMO.

The lifetime of the limiter and divertor plates is
critically dependent on the net erosion of the plasma-side
materials. Theoretical models predict that most of the
sputtered material will be rapidly redeposited on the limiter
or divertor plates. The delicate balance between sputtering
erosion and redeposited materials can seriously affect the
engineering performance of the plasma-side materials and
current data are wholly insufficient to characterize the
erosion and redeposition.

The lifetime of first wall , limiter and divertor plates 1s
seriously shortened by erosion. A large portion of the erosion
may be caused by self sputtering. The viability of medium-Z
and high-Z materials is limited to particle energies below
which the self-sputtering yield is less than unity. Thus, both
the selection of materials and the lifetime determination
depend strongly on the magnitude of self-sputtering.

Self-sputtering yields should be measured for a number of
the most promising candidate plasma-side materials. Some
development of techniques for generating data on sel f-
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sputtering of compounds will be required. Candidate materials
include beryllium, si l icon carbide, stainless steel and
tungsten. Yie lds are needed for particle energies in the range
10 eV to 2 keV. The self sputtering yeilds of redeposited
materials should also be investigated.

Intense surface heating of the first wall and limiter
during plasma disruptions leads to surface vaporization. Con-
current with this vaporization, formation of a melt layer has
been predicted for many of the candidate materials. The melt
layer will be subjected to modest electromagnetic forces as the
plasma current decays and there is concern that the melted
material may move and thus significantly enhance the erosion of
plasma-side components. An R£D program should examine the
motion of molten material in the presence of the electro-
magnetic forces generated in the melt layer as the plasma
current decays.

The components of the impurity control system must with-
stand high heat and particle fluxes plus intense neutron
radiation and body forces from magnetic loads. At present,
there is a grossly inadequate data base for designing an
impurity control system and assuring successful operation.
Therefore, a number of interrelated programs are required to
acquire the necessary information. The major areas of
investigation are:

Materials Engineering

(A) Coat/ Clad Development
(B) In-Situ Recoating Development
(C) Materials Properties Data Base

Component Engineering

(D) Thermomechancial Response
(E) Electromagnetic Response

4.2 Tritium Breeding Blanket

The timely development of the fusion reactor blanket is
critical for the following reasons: (1) acceptable breeding
and extraction of tritium in a high temperature blanket are key
feasibil ity issues for fusion reactors; (2) breeding tritium in
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ETR/INTOR is an operational requirement; (3) extensive
materials and engineering development will be required to
develop any reliable blanket system; and (4) the blanket system
will have major impacts on perceived environmental and safety
features of fusion reactors.

The research and development strategy for the development
of a tritium breeding blanket for fusion power reactors
involves (1) consideration of proposed blanket concepts, (2)
identification of critical feasibility issues associated with
the leading candidate concepts, and (3) assessments of the
time-scale, cost, and difficulty of providing the required data
base. Based on previous studies [1,2], two development paths
are proposed. Path 1 is for liquid metal breeding concepts,
which focus on the use of liquid lithium or liquid 17Li-83Pb
alloy breeder materials. Path 2 is for solid breeding
concepts, which focus on Li^O or ternary ceramics such as
LiAlOj for the breeder material.

Critical issues for the two paths are summarized in
Table III. The issues listed impact the feasibility and
desirability of the two blanket concepts, and therefore, must
be resolved before the viability of these concepts can be
established.

4.3 Nuclear Data and Methods for Fusion Reactors

The evaluation of the nuclear responses involves neutron
cross sections, neutron-induced photons, and decay gamma rays.
Activation data are missing for many important isotopes, and a
significant improvement for the existing nuclear data files are
needed for selected energy regions and above 10 MeV. Also, an
adjustment to the existing nuclear data files for key materials
to conserve the reaction energy is important for the nuclear
heating calculations. This adjustment will require modifica-
tions for the gamma production cross section, secondary neutron
and photon spectra, and isotopic evaluations for elements with
many natural isotopes (Mg, Ti, Cr, Fe, Ni, Cu, and Pb).
Isotopic evaluations are essential for kinetic energy release
in material atom (Kerma) and activation analysis.

The main transport methods applied to shielding problems
are the discrete ordinate and Monte Carlo methods. At present,
the discrete oridnate method is limited to one and two
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Table III Critical Issues - Tritium Breeding Blanket

Liquid Metal Breeding

- Determine operating temperature limits for candidate
structural materials on basis of corrosion/compatibility.

- Determine magneto-hydrodynamic (MHD) effects associated with
the use of liquid metals in high magnetic fields.

- Evaluate safety/environmental impacts related to the use of
reactive liquid metals (coolant and environment).

- Develop concepts that permit reliable hydraulic operation of
a liquid metal system.

Solid Breeder

- Develop satisfactory tritium recovery scenarios.

- Develop engineering solutions that will provide adequate
temperature control of breeder to obtain satisfactory
tritium recovery.

- Evaluate consequences of breeder reactions with pressurized
water coolant in event of a coolant leak.

- Determine mechanical integrity and thertnodynamic stability
of breeder under projected operating conditions.

dimensions, although several three-dimensional codes are under
development. Therefore, Monte Carlo method is the only method
available for rigorous three-dimension analysis. Both methods
require development to overcome some of the difficulties. The
discrete Ordinate methods are suffering from negative fluxes
caused by a large flux gradient or the truncation of the
legendre expansion for the scattering cross sections. A lso,
ray ef fect causes a problem for the penetration shield
analyses. Monte Carlo methods require a careful, eff icient,
and consistent use of the variance reduction techniques to
avoid wrong answers and long computational time. Development
of automated variance reduction techniques for the Monte Carlo
codes will improve the prediction of the radiation field.
Additional computational capabi l i t ies are needed to perform a
decay gamma transport with the existing Monte Carlo codes for
after shutdown analyses (dose equivalent, decay heat, etc.).

158



4.4 Configuration and Maintenance

The key maintenance issue for the DEMO plant 1s to assure
that an availability goal of ~ 50% can be demonstrated. This
goal must be accomplished to assure that the first commercial
reactor can achieve availability of ~_ 75* to permit economic
electrical power generation. The ability to achieve this goal
is affected by the choice of reactor configuration, the outage
rate and the ability to perform rapid and repeatable
maintenance processes.

Selecting the "Optimum" configuration requires a complete
understanding of the plasma and engineering limitations and the
development of analytic tools which permit accurate tradeoffs
between design options. The plasma limitations of most concern
are field ripple and plasma control which ef fect magnet
location and first wall blanket segmentation. Plasma heating,
current drive and impurity control choices affect the
peripheral space requirements and may limit maintenance
options. Engineering limitations are primarily related to
component failure rates and the time required to perform the
repai r.

Data on the reliability and lifetimes of key components
(superconductor magnets; limiter/divertor, first
wall/blanket/shield, tritium system, plasma fueling, remote
maintenance equipments, etc.) are presently lacking and
substantial development work will be required to provide the
necessary data to a high confidence level prior to construction
of DEMO.

Development of reliability data should be accomplished by
testing materials and components in machines prior to DEMO and
complementary devices at conditions that closely approximate
the DEMO conditions. This approach will permit the designs to
evolve by providing information on failure modes, failure
rates, and time-to-repair that is essential to the successful
development of a DEMO reactor. Collection of data will lead to
definition of required design margins, redundancy levels and
specific component designs which operate more reliably and will
improve the prospects for DEMO achieving its goals.

While maintenance processes required in DEMO are
achievable using state-of-the-art techniques, the key
uncertainty is how long it will take to perform a given process
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or successfully complete each operation. Examples of critical
areas include sealing, fault isolation, and first wall
(electrical) connectors. The approach to resolve these issues
is through reactor studies and component developments which has
a significant impact on the maintainability of the reactor.
Incorporation of these processes into the next large machine
(ETR/INTOR) so that is can be constructed with a reactor
relevant configuration should provide an adequate understanding
of the ability to perform these processes and an understanding
of their impact on the DEMO configuration.
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COMMERCIAL DESIGN REQUIREMENTS
ON INTOR-TYPE REACTOR

V.V. ORLOV
I.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

The DEKO-reactor should be a prototype of a commercial reac-
tor and posées similar structure and design and technological
base. Therefore, one should speak more definitely about the
experimental programme to substantiate a commercial fusion re-
actor, the main objectives of which are as follows:

a) Reduction of radiation danger at the nuclear power
production.

b) Involvement of new cheap fuel into the power production.
c) Effective breeding of fissible fuel in case of hybrid

fusion-fission reactors.
d) Economical competitiveness with alternative energy sources.
The calculations and design studies carried out until now

for pure fusion reactors have not shown the feasibility of these
objectives on the basis of existing physical and technological
concepts. For example, according to Sheffild et.al. the accep-
table economic characteristics can be achieved with beta higherPthan 10~j, neutron load to the first wall about ^5 LI7//m , and
the times reduction of the materials amount by a factor of 2-3.
It is not excluded that the solution will be found only at an
essential improvement of tokamak or on the basis of other fusion
systems \vith higher beta and continuous burn, with the use of
new materials and designs.

Hew materials - with high radio and thermal-resistance, and
low-activated are needed for a substantial reduction of the radia-
tion danger.

In the absence of a satisfactory pure fusion reactor concept,
the R&D objectives for its substantiation can be formulated in
a general form only.

Nevertheless, the studies have shown the feasibility of high
breeding and acceptable economical characteristics in the fusion-
fission hybrids. In this case we can effectively use L-T reaction
being the most close to realization, and the most advanced fusionpconcepts, even at moderate beta and P l MW/in , within the
frames of the existing technology and materials.
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Although the hybrid reactors do not realize the main objec-
tives of fusion, they are a natural first practical step
towards its application and could be an important part in the
developing nuclear power system and, at the same time, a prac-
tical step to the pure fusion reactors of the future.

There are rather realistic hybrid reactor designs. Our
OTR-design can serve as an example of the DEMO-reactor of
such a type. On the basis of these designs a quite definite
experimental programme can be formulated.

II

The international status of the INTOR-design and an oppor-
tunity for different countries to choose different commercial
reactor concepts (euch a development of the world's programme
on controlled fusion seems to be highly probable and favour-
able for it) put forward the requirement of sufficient versa-
tility for the reactor as an experimental facility.

Similar to fission research reactors operating in many
countries, such a reactor should give an opportunity to per-
form different experimental programmes on plasma and nuclear
technology.

The main requirements to the design are its maximum simpli-
city and reliability, provision of conditions for experiments.
The demands of similarity to any commercial reactor should not
be applied to this design. This corresponds also to the method
and value of tritium breeding which should be defined only by
economical and other practical considerations.

The reactor should be supplied by a large set of experimen-
tal channels and loops; it should give an opportunity to insert
experimental parts and units, e.g. the whole blanket sections,
providing the conditions for their service, replacement, as well
as the investigations in and out of the reactor.

A, higher cost of the reactor, in this connection, will be
justified by enlarging its experimental capabilities.

Certainly the experience in the operation of the main equip-
ment of the reactor will make a valuable contribution to the
fusion technology development.
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