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ABSTRACT
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RESEARCH ACTIVITIES DURING 1977

AT THE ROYAL INSTITUTE OF TECHNOLOGY IN STOCKHOLM

B. Lehnert
Royal Institute of Technology, S-1OO 44 Stockholm 70, Sweden

This report suomarizes the research work and technical development
being performed during 1977 at the Department of Plasma Physics and
Fusion Research of the Royal Institute of Technology in Stockholm.

!• Plasma-Neutral Gas Interaction and Stability

General reviews have been given on plasma-neutral gas interaction,
including the equilibrium and stability problems of cold-blanket
systems Q ,2] and model experiments on laboratory plasmas with a main
poloidal magnetic field [3].

1.1. The Partially Ioni2ed Boundary Layer

The theoretical and experimental analysis of the partially ionized
boundary layer of cold-blanket systems has been continued along several
lines:

(i) The boundary layer of a fully ionized rotating plasma has been
investigated by means of probes, as well as the pressure profile
inside this layer [4-6]. The plasma transport in the region outside
the field line which grazes the cathode plate is found to depend
critically on the boundary conditions. In this region there is Simon
diffusion in presence of conducting end walls and ambipolar diffusion
when the end walls are non-conducting. Further, the pressure distribution
is found to decrease with increasing q = $d£/B, in a way being
consistent with the earlier stability analysis of a sheariess system
without minimum-average-B properties. Finally, there are deviations
from isorotation, probably being due to finite resistivity.



(ii) Further investigations are prepared on the density and temperature
profiles as well as on the particle and energy transport in the
partially ionized boundary region, including studies at full apparatus
symmetry with two cathode rings and with a segmented limiter. These studies
will be conducted by means of extended diagnostics based on spectroscopy,
laser interferometry, and laser light scattering (7J.

(iii)The stability analysis of the boundary layer has been continued by
extensive studies in terms of the Nyquist technique, on various
types of electrostatic and electromagnetic instabilities (2.8J including
ballooning modes jjjj, on low-frequency current-driven modes [l§)> and

on drift modes [2,10]. For all these modes the joint viscosity-
-resistivity-pressure effect is found to have a strong stabilizing
influence on cold-blanket systems.

(iv) The plasma-neutral gas balance in the boundary layer has some features
in common with certain cosmical problems [jl.l?].

1.2. The Fully Ionized Plasma Core

Concerning the fully ionized region of plasmas being impermeable as well
as permeable to neutral gas, the following results should be mentioned:

(i) The analysis on stability against MHD perturbations has been extended
and applied to configurations with a purely po^idal magnetic field,
such as the Spherator. Stable states are found to exist with respect
to flute-type modes within certain margins of the pressure gradient,
and to current-driven modes such as internal kinks within certain
beta limits |J3,14| .

(ii) The spectrum of unstable modes has been analysed for a straight
hard-core pinch surrounded by conducting walls. As the shear decreases,
the unstable spectrum moves to higher axial wave numbers. This
explains the discrepancy between the Suydam criterion in the limit of
low shear on one hand, and the closed-line criteria on the other [13,If]



(iii)The ionization and burnout processes of impermeable and permeable
plasmas have been reconsidered (uQ. This investigation has the
special aims of finding ways of making experiments on the transition
between the states of a well-defined cold-blanket and no such
blanket, as well as to conduct experiments at lower ion densities and
higher temperatures than those being reached so far with devices FI
and F1V.

2. Magnetic Confinement

Since it has become necessary to repair, renovate, rebuild, and
modernize the experimental facilities of the laboratory, only limited
periods have been available during 1977 for experiments on plasma
confinement. The results are as follows:

(1) A small experimental facility with straight EXTRAP geometry has been
completed [l7j, and the first tests made on an unstabiiized pinch,
i.e. in absence of external conductor currents Q4].

(ii) The analysis of the classical balance in multi-component rotating
plasmas has been extended [[£}. The separation degree of various ion
species is found to depend mainly on ion-ion collisions, whereas
the flux of ions is mainly governed by ion-electron collisions.

(iii)The experiments on spiral coil "Tornado" traps at the Ioffe Institute
in Leningrad have passed their first step [20], after a number of
working periods with participation from the Swedish side (|f|. In these
experiments clean and quiescent discharges have been achieved under
certain conditions, at least giving indications of a reduced
plasma-wall interaction. A second series of investigations is being
planned J22J.



3. Plasma Heating

The work on plasma heating has been concentrated on problems being
of interest in connection with cold-blanket systems, and on heating in
devices of INTRAP type:

(i) The partially ionized boundary region of a cold-blanket system can
absorb a considerable fraction of the imposed high-frequency power,
unless a resonance is used to enhance the radio-frequency field in
the plasma [23,24]. Calculations have been made on the radial profiles
of the macroscopic field quantities within the partially and fully
ionized parts of a cold-blanket model, in the resonant as well as
non-resonant cases

(ii) When the electric field used for rf heating makes the differential
fluid velocity of the plasma and neutral gas motion exceed the critical
value corresponding to the ionization potential, one should expect
this heating to be limited by large losses in the partially ionized
boundary layer

(iii)A study is being undertaken on the MHD spectrum of wave modes in
toroidal systems and of the corresponding possibilities for
high-frequency heating of an inhomogeneous plasma [26J.

4. Diagnostics

The work on plasma diagnostics has continued as follows:

(i) The earlier obtained laser light-scattering equipment has been
further developed and tested [27]. A new and more powerful double-pulsed
ruby laser of 2 x 300 MW normal power has now been made available
after planning and negotations in collaboration with foreign laboratories
and manufacturers [28[J, and after a number of test runs [27,2ff].



(ii) The planning and construction of the optical, mechanical, and
electronical equipment has been completed in connection with the
laser diagnostical system and the renovation of the southern
experimental hall of the laboratory [27,28].

(iii)The temperature profile of the rotating plasma in earlier experiments
with device FI has been estimated from the recorded profiles of
the emitted Hv line [29j.

(iv) A method has been outlined for measuring the spatial extension of the
fusion reaction region of a thermonuclear plasma, using particle
diagnostics including neutrons [39].

5. Reactor Technology

Studies with the special aim of investigating the reactor technological
feasibility of the magnetic confinement schemes of the present Swedish
programme are undertaken in collaboration with the Atomic Energy Company
at Studsvik and Kernforschungsanlage Jlilich. These studies include the
basic plasma physical conditions of the reactor models [3lJ and the relations
between available reaction rates under the constraints of permissible beta
values, pressure gradients, and radiation losses (30,21], nucleonics (323,
investigations of the cooling probletas of internal conductor systems [33,34]
and the special construction of their shielded supports [33-35], as well as
the corresponding alpha particle containment problem [36j. A summary of part
of this work has been given at the "Workshop for Fusion Reactors" in
Madison, Wisconsin, USA |~37J.

6• Technical UgyelopmLut of the laboratory

At the time when the Department of Plasma Physics and Fusion Research be-
came connected to the European Community programme, the laboratory at
the Royal Institute of Technology only had its disposal experimental
facilities and instruments largely being worn-out and old-fashioned, as
a result of a several years of insufficient funds. After the association,



it has therefore become necessary to spend a considerable part of the

available resources to a period of reorganization, repair, and technical

development of the laboratory. Consequently, the following work has been

performed and has so far only been partly completed [38]:

(i) The two large experimental halls of the department are subject to

extensive renovation including their auxiliary equipment, in the

form of new operation, control, and measuring devices, all with high

immunity against disturbances. This work also concerns the charging

facilities for a number of condenser banks to be connected with

arbitrary polarity to the various experimental devices.

(ii) The security system of the experimental halls has been improved,

partly by making a new entrance to these halls and introducing new

door-locks. These measures have also resulted in about 30% gain in

effective area being available for experiments, as well as in larger

availability for optical diagnostics.

(iii)To improve the general conditions for diagnostics by keeping out dust

both halls have been equipped with new ceilings, and one hall with

a new floor.

(iv) All vacuum systems are equipped with new pumps and oil traps,

(v) A rapid Condenser bank for EXTRAP has been completed.

(vi) One new condenser bunk has been completed for the general use in

the discharge circuit, and one for induced low-frequency poloidal currents

in device FIV.

(vii)A new condenser bank is being constructed for the support system

of device FIV.

(viii)Automatic control systems for the experimental facilities, as well

as automatic recording of experimental data are being developed.



In addition, the space problems of the laboratory have been

treated by a special working group |39j, and have among other things

resulted in new office premises at the Royal Institute of Technology,

being at provisional disposal.

7. Guest Scientists

Dr. J. Drake from the University of Wisconsin, Madison, USA spends

two years at the institute.

Dr. W.B. Thompson, La Jolla, California has spent two weeks at

the institute in August.

Prof. B.P. Peregood of the Ioffe Institute in Leningrad has visited

our institute during the period November 1 - December 1, in connection

with the exchange programme for scientists established between the

Soviet and Swedish Academies of Sciences.

Dr. K.B. Abramova of the Ioffe Institute in Leningrad has visited

our institute during the period October 21 - November 18, in connection

with the same exchange programme.

8- S pec i a 1 J)u tie sand Extra Activities

In addition to the work described in the previous sections, and to

seminars and other educational duties of the institute, the following

special activities of the staff members should be mentioned.

Bergström, J. Several visits to Leningrad, as Swedish coordinator of the

joint experimental work with the Ioffe Institute which also contains

contributions from Dr. A. Sillesen of the Ristf Establishment. Participation

in reactor technological discussion at KFA Julich, in "Workshop for

Fusion Reactors" in Madison, in "Seventh Symposium on Engineering Problems

of Fusion Reactors", with one lecture being given, and visits to

various laboratories in the USA.

Bonnevier, 6. Two meetings of the "Advisory Group on Tokamaks",

participation in "Workshop on Cold-Blanket Research" at Jutphaas.



Bure?, M. Participation in "Conference on Waves and Instabilities" in

Paris. Guest scientist at Ecole Royale Militaire in Brussels according

to a mobility contract with Euratom.

Drake, J. Participation in "Scandinavian Plasma- and Gasdischarge

Symposium" at Gausdal in Norway, in "Eighth European Conference on

Plasma Physics and Fusion Research" in Prague with one lecture being

given, visit to Institute of Plasma Physics, Garching, FRG.

Elevant, T. Participation in "Culham Plasma Physics Sianraer School" and

in reactor technological discussion at KFA Jiilich.

Faghihi, M. Participation in "Culham Plasma Physics Summer School".

Haslbrunner, D. Visit to Institute of Plasma Physics, Garching, FRG.

Heliblom, G. Participation in "Culham Plasma Physics Summer School".

Hellsten, T. Participation in meeting of "Advisory Group of High-Beta

Systems" at Culham, in "Scandinavian Plasma- and Gasdischarge Symposium"

at Gausdal in Norway, in "Third International Congress on Waves and

Instabilities in Plasmas" in Paris, in "International School of Plasma

Physics" at Varenna and its associated "Workshop" with one lecture

being give.i, in "Eighth European C .inference on Plasma Physics and Fusion

Research" in Prague with one lecture being given. Doctor's thesis and

dissertation in the spring of 1977. Opponent of the Faculty at a

dissertation at Uppsala University, assistant professor at KTH in the

autumn of 1977.

Kuthy, A. Visit to the Plasma Physics Institute at Garching.

Lehnert, B. Five meetings with the "Committee of Directors", one meeting

with the "Liaison Group", one meeting with the "Fusion Committee

Sweden-Euratom", participation in "Workshop on Cold-Blanket Research"

at Jutphaas with three lectures being given and taking part in rapporteur

working group [~40j, one workshop of the "International Fusion Research

Council" [4f], participation in "Eight European Conference on

Plasma Physics and Fusion Research" in Prague with



one lecture being given and acting as chairman of one session. Examination
of six manuscripts submitted to the international journals. Confidential
commission at the Belgian Academy of Sciences. A number of additional
meetings and duties, partly in connection with the Royal Academies of
Sciences and Engineering Sciences, with the National Swedish Board of
Energy Source Debelopment, and with the Royal Institute of Technology,
and outer Swedish organizations.

Ohlsson, D. Participation in "Workshop on Cold-Blanket Research" at
Jutphaas with one lecture being given, in "International School on
Plasma Physics" at Varenna with one lecture being given, in "Eighth
European Conference on Plasma Physics and Fusion Research in Prague"
with one lecture being given, in "Workshop on Fusion Fueling" at
Princeton with one lecture being given, and visits to various laboratories
in the USA.

Tennfors, E. Participation in three meetings of the "Advisory Group of
Heating and Injection" with organization of one meeting in Stockholm,
participation in "Eighth European Conference on Plasma Physics and
Fusion Research" in Prague with one lecture being given, in "Conference on
Waves and Instabilities" in Paris, and in Euratom "Workshop on Specific
Diagnostics for Heating Experiments" in Grenoble.

Wilner, B. Visit to the Institute of Plasma Physics at Garching,
participation in "Eighth European Conference on Plasma Physics and
Fusion Research" in Prague, and in Euratom "Workshop on Specific
Diagnostics for Heating Experiments" in Grenoble. Visits to the labora-
tories in Grenoble, Fontenay-aux-Roses, and at the firm "Quantel" in
Paris, also in connection with the planning of laser diagnostical
activities in Stockholm.

Stockholm, December 12,1977

(V
Bo Lehnert
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PLANS FOR THE FUSION RESEARCH PROGRAMME
AT THE ROYAL INSTITUTE OF TECHNOLOGY IN STOCKHOLM

IN NOVEMBER 1977

The fusion research programme at the Royal Institute of Technology
in Stockholm 1s conducted within the frame of a Research Unit» being
established since May 1976 through a contract between Euratom and the
National Swedish Board for Energy Source Development. The fields of
activity within the unit are given by Table 1, and these at the
institute (KTH) by Table 2. The planned distribution of resources among
the projects of the KTH part is outlined 1n Table 3, and the corresponding
aims and specifications of planned work are given in Appendices 1-6.

Stockholm, November 23, 1977

Bo Lehnert



Table 1. The fields of activity within the Research Unit of the
Swedish Association. In this table KTH denotes the Royal Institute of
Technology in Stockholm, CTH the Chalmers University of Technology in
Gothenburg, and AE the Atomic Energy Company at Studsvik.

Fields of Activity

1. General fusion plasma
physics

2. Magnetic confinement

3. Inertia confinement

4. Plasma heating

5. Reactor technology

6. Unspecified activities

7. Euratom

KTH

X

X

X

X

X

X

Place

CTH

X

AE

X

X

X

X

X

X

X

X



Table 2. General structure of the research programme at KTH

Fields of Activity

1. General fusion plasma
physics

2. Magnetic confinement
2.1. Crossed-field discharges

in open bottles.

2.2. Crossed-field discharges
in closed bottles.

2.3. Pinch discharges in
external conductor
fields.

4. Plasma heating

5. Reactor technology

6. Unspecified activities

Projects

Theoretical and experimental work on
general fusion plasma physics.

Research with devices FI and Fill,
including analysis of equilibrium,
stability, plasma-neutral gas interaction,
cold-blanket boundary layer, and end
losses.

Collaboration with Ioffe Institute in
Leningrad on Tornado trap experiments.

Research in EXTRAP configurations on
pinch stability in presence of a transverse
inhomogeneous vacuum field.

Research with INTRAP device FIV on ,
hf and If heating of impermeable and
permeable plasmas.

Collaboration with the Atomic Energy
Company and KFA Julich on poloidal-field
systems analysis.

Unspecified and partly unforeseen
research work.

These activities are conducted by the following scientists:
J. Bergström, B. Bonnevier, M. Bures, 0. Drake, T. Elevant, T. Hellsten, A. Kuthy,
D. Ohlsson, E. Tennfors, B. Wilner,
and by the following technical staff members:
R. Ekman, G. Eriksson, H. Ferm, D. Haslbrunner, S. Hillberger, S. Holmberg,
G. Hägerström, B. Jonsson, R. Kalinowski, G. Kindberg, R. Landberg, P. Mattson,
J. Tonks, L. Westerberg.



Table 3. Planned distribution of economical resources*) in kCrowns for the
projects of KTH.

"Sw Project
N. Mo.

Expen- >.
diture \ ^

Personnel
expenditure

Subsistence
and travelling
expenditure

Experimental
assemblies

Snail tools
consumable
stores,etc.

Rental cost

1

320

80

30

130

80

640

2.1

660

20

400

150

170

1400

2.2

150

50

20

10

30

260

2.3

400

10

50

50

70

580

4

900

30

400

400

230

1960

5

220

20

-

10

30

280

6

450

10

200

200

110

970

7

160

80

-

-

30

270

Sun

3260

300

1100

950

750

6360

i A revised budget with a total sum of 5420 kCrowns for KTH was suggested by the
Board on December 1 in 1977.



Appendix 1

PROJECT 1

Definition of project

Theoretical and experimental work on general fusion plasma physics.

Period

1978 - 1980

Staff

B. Bonnevier, M. Bures, T. Hellsten, A. Kuthy, D. Ohlsson, B. Milner.
E. Tennfors

Aims

An increased understanding of the confinement, stability and heating
problems In plasma confinement systems, especially those of the
cold-blanket type.

Specifications of planned research work

(I) Extended analysis of the equilibrium of the partially Ionized
boundary layer.

(II) Continued stability analysis of fully Ionized as well as partially
ionized regions of cold-blanket systems,

(iii)Analysis of the radiation diffusion through the partially Ionized
boundary layer.

(iv) Investigations on the absorption of various hf modes, in presence
of a cold-blanket.

(v) Investigations of the MHD spectrum of wave modes in toroidal discharges
and of the corresponding possibilities of high-frequency heating.

(vi) Analysis on high-frequency plugs of rotating plasmas In open bottles.



Appendix 2

PROJECT 2.1

Definition of project

Reseerch with devices FI and Fill, including analysis of equilibrium,
stability, plasma-neutral gas interaction, cold-blanket boundary
layer, and end losses.

Period

1978 - 1979

Staff

B. Bonnevier, J. Drake, T. Hellsten, A. Kuthy, D. Ohlsson, B. Hilner.

Aims

Model experiments on plasma-neutral gas interaction and stability
of cold-blanket systems, as well as on transition between permeable
and impermeable ion density regimes. Studies which connect the
plasma-neutral gas balance conditions of present tokamaks with
those of the expected cold-blankets in full-scale reactors.

Specifications of planned work

(i) Analysis of fully ionized plasma as well as of partially ionized
boundary layer and its plasma-neutral gas balance, by means
of localized measurements using laser light scattering, line and
continuous spectroscopy, infrared interferometry, probes, and fast
neutral pressure gauges situated in wall region. The density,
temperature, potential and velocity distributions will be compared
to the theory on equilibrium and stability of plasmas with cold-blankets.

(ii) Investigations of transport in the limiter (cathode) scrape-off
region, and development of corresponding theoretical models. The latter
will be compared with those currently used in reactor feasibility
studies.

(iii)Extension to larger ranges of ion density and magnetic field strength,
to connect the plasma-neutral particle and heat balance conditions
of gas-blanket systems with those of present tokamaks. This also
includes investigations on the transition from impermeable to
permeable plasmas, modified anode or cathode conditions, and decrease
in plasma density through vacuum pumping or getter operation. In
addition, fast-valve gas puffing will be used to investigate the regime
of high plasma densities and the transport and effects of Impurities.



Appendix 3

PROJECT 2.2

Definition of project

Collaboration with Ioffe Institute in Leningrad on Tornado
trap experiments.

Period

1978 - 1979

Staff

J. Bergström

Aims

To investigate whether end insulator problem and critical velocity
phenomenon can be avoided in spiral-coil Tornado traps.

Specifications of planned work

The experiments are performed at the Ioffe Institute in Leningrad.
From the KTH side there are contributions in the form of experimental
work and development of instruments during limited periods. Both
plasmas being permeable and impermeable to neutral gas will be
investigated.



Appendix 4

PROJECT 2.3.

Definition of project

Research in EXTRAP configurations on pinch stability in presence
of a transverse inhonogeneous vacuum field.

Period

1978 - 1979

Staff

J. Bergström, J. Drake, T. Hell sten

Aims

To investigate whether the transverse inhomogeneous vacuum field
of external conductor (EXTRAP) systems can be used to stabilize a
pinch discharge.

Specifications of planned work

(i) Investigations of discharges between electrodes in str?ight and
curved-sector devices, including high-speed photography, spectroscopy,
and probe measurements Comparison between the effects on stability
by transverse inhomogeneous and longitudinal homogeneous externally
imposed magnetic fields.

(ii) If the sector experiments lead to positive results in respect to
stability, planning and construction of toroidal experiments should
be undertaken.

(iii)A theoretical analysis will he undertaken on the role of a cold-blanket
in EXTRAP systems.



Appendix 5

PROJECT 4

Definition of project

Research with INTRAP device FIV on hf and If heating of impermeable
and permeable plasmas, in presence of shielded supports.

Period

1978 - 1979

Staff

M. Bures, D. Ohlsson, E. Tennfors.

Aims

To investigate heating mechanisms and the plasma heat balance in
high- and low-freouency heated plasmas with and without cold-blankets
in a closed bottle, as provided by means of magnetically shielded
supports.

Specifications of planned work

( i ) Investigations on the effects of plasma-neutral gas interaction in the
cold-blanket of high-frequency heated plasmas.

( i i ) Investigations on the heat balance of plasmas in a closed bottle with
shielded supports, being heated by high-frequency modes as well as by
low-frequency poloidal currents induced along the magnetic f ie ld
lines.

(Tti)Anaiysis of the possibilities of decreasing the ion density by means of
closed-field geometry with shielded suDports, in combination with the
heating mechanisms mentioned under (1) and ( i i ) . This should extend the
available parameter ranges for investigations on plasma-neutral gas
interaction, and should also strengthen the efforts to reach higher
plasma temperatures.



Appendix 6

PROJECT 5

Definition of project

Collaboration with the Atomic Energy Company and Kernforschungsanlage
Jiilich on poloidal-field system analysis.

Period

1978 - 1979

Staff

J. Bergström, T. Elevant

Aims

Analysis of the reactor technological potentialities of INTRAP systems,
including the problems of the coil system with its shielded supports,
neutron radiation, and cooling circuits.

Specifications of planned work

(i) Theoretical studies on thermonuclear Dower output, under subsidiary
plasma stability and reactor technological conditions.

(ii) Development of reactor models of internal coil systems, including
studies on material problems of conductors and insulators.
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