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PREFACE

The Fourth International Workshop on Electron Cyclotron Emission and Electron Cyclotron Resonance Heating (EC-4) was held at
the

ENEA

Research

Center, Frascati, on 28-30 March 1984. The

meeting was sponsored by the Italian Commission for Nuclear and
Alternative Energy Sources (ENEA) in collaboration with the Commission of European Communities. A total of 60 specialists attended
the workshop.
As in the past, the aim of the meeting was to provide and
opportunity for special istis to discuss the most recent experimental and theoretical developments in these two related areas and to
exchange information and ideas. Five invited papers and 24 contributed papers were presented.
The papers contained here are directly reproduced from the
authors' manuscripts and the content and layout are theirs.
We would like to thank Maria Poll doro and Lucilia Crescenti ni
for their valuable assistance with the management of the workshop.
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FIRST MEASUREMENTS OF ECE FROM JET
A.E. COSTLEY, E.A.M. BAKER1, D.V. BARTLETT, D.J. CAMPBELL, M.G. KIFF',
G.F. NEILL1
Jet Joint Undertaking, Abingdon, Oxon, UK 'National Physical Laboratory,
Teddington, Middx, UK

ABSTRACT
A multichannel system for measuring the electron cyclotron emission from JET
has been designed and constructed.
and the system is described.

The design criteria are briefly outlined

Some typical results obtained with the first

operational channel during the November-December 1983 operating period of JET
are presented.
1.Introduction
The new generation of large tokamaks.eg JET, pose new challenges and offer
new possibilities for electron cyclotron emission (ECE) as a diagnostic tool.
The plasmas are physically large, will achieve parameter ranges not
previously investigated (in particular high T ) and, and in the case of TFTR
and JET, will operate with tritium.

Operation with tritium requires that

any equipment close to the torus must be capable of withstanding high levels
of radiation and of being maintained with remote handling equipment.

These

considerations substantially effect the design of ECE systems for the new
tokamaks.

The primary objective of the spatial scan ECE diagnostic on JET is to
determine the space and time dependence of the electron temperature (T ) in
the poloidal cross section.

This is the first time an attempt has been made

to determine two-dimensional temperature information using ECE.
and space resolution are required:

Good time

the design figures are < 10ms, and

•v- 10cm respectively; in addition, good accuracy is required on the derived

1

temperature values - the ultimate aim is to determine

temperatures

absolutely to ± 10%.

Since the measurement system will be in operation for the entire lifetime of
JET, considerable flexibility is required so that advantage can be taken of
developments in ECE diagnostic techniques. This flexibility has been provided
in the JET system by using an array of different measurement instruments.

This paper concentrates on the design and implementation of the JET ECE
Spatial Scan Diagnostic.
presented.

First results of its operation on JET are

A fuller discussion of the design criteria of the diagnostics

can be found in III, and further details of several aspects of the system are
given in /2,3,4/.

2. System Description
The principal components of the diagnostic are shown in Figure 1 : ten
antennae mounted inside the JET torus, ten individual quartz vacuum windows,
a multichannel oversized waveguide transmission system, an array of
rapid-scan Michelson and Fabry-Perot interferometers using liquid helium
cooled indium antimonide detectors, and control and data acquisition
electronics.

The antennae are fabricated from the same material as the JET

vacuum chamber, ie inconnel.

They are arranged so that radiation is

collected from the plasma along ten different chords in the poloidal
cross-section (Fig 2 ) , and have been designed for optimum spatial resolution
at right-angles to the line of sight (ie minimum spot size).

The crystal

quartz windows are wedge shaped to minimise variations in the transmission
due to interference effects and are bonded into bakeable seals. The
transmission system is made from oversized S-band aluminium waveguide with
mitre bends. Its function is to transmit the ECE radiation from the JET Torus
to the measuring instruments located in the JET Diagnostic Hall, behind the
biological shielding wall.
35m

long with ^10 bends.

The waveguide for each channel is approximately
Careful design, minimising ohmic attenuation and

mode conversion losses, has resulted in a measured transmission of ^15% at
150 GHz /2/.

On each channel a wire grid polarizer mounted close to the torus allows
selection of either the extraordinary or ordinary mode. The system will

incorporate a mode filter close to the torus for antenna pattern control.
Development of the mode filter is still in progress, but it is likely that it
will be either a short length of fundamental waveguide, or a section of
groove guide.

More details of the transmission system are given in /2/.

The spectrometer array consists of five rapid-scan Michelson interferometers
and six scanning Fabry-Perot interferometers.

Four of the Michelsons are low

amplitude scan devices capable of measuring the emission in the range
90<f<600 GHz with a frequency resolution <v» 10 GHz and a time resolution
^15ms.

The fifth Michelson is a large amplitude scan device capable of

measuring the spectrum in the range 40 <f< 600 GHz with a frequency
resolution V3GHz and a time resolution ^15 ms.

The Fabry-Perots can be

operated in either of two modes: scanning or static.

In the scanning mode

they measure the spectrum of the emission in limited regions of the spectrum,

Oversized waveguide
Transmission System
KK1 Fabry-Perot
Interferometers

Figure 1. Schematic of the JET ECE Spatial Scan Diagnostic showing the
principal components of the system.

1.96

Figure 2.

2.96
Major radius ( m)

3.96

Poloidal cross-section of the JET plasma showing the 9 observation
chords along which second harmonic extraordinary mode emission
•measurements will be made. The effect of plasma refraction is included in the calculated ray-paths shown assuming a typical JET
density. The tenth chord, for first harmonic ordinary mode emission measurements lies in the horizontal mid-plane.

eg 100 <f<180 GHz with a frequency resolution of ^5 GHz and a time resolution
%
< 3ms.

In the static mode they measure the time dependence of the emission

at fixed frequencies with a time resolution limited by the detector bandwidth
and signal-to-noise considerations.
^ 1 x 10~

12

The InSb detectors have an n.e.p.

5

W Hz"' and a bandwidth ^500 kHz. The 6-channei detector

cryostats have a liquid helium hold time ^1 week.
Many functions of the system can be controlled and monitored through the JET
Control and Data Acquisition System (CODAS).

Automatic data acquisition (by

CODAS) records about 500k words of data for the full system per plasma pulse.
Sophisticated control and data acquisition software has been developed and,
in addition, there are special codes for interpreting the ECE data.

These

codes take into account effects such as refraction and the finite poloidal
magnetic field which become particularly important for the :wo-dimensional
tempe' .Lire measurement.

They are described in more detail in /3/.

The system is intended to be flexible - virtually any instrument can be put
on any measurement channel.

In the first instance the low resolution

Michelsons will be installed on the horizontal channels above and below the
equatorial plane, and used to measure the extraordinary mode emission (for
the determination of T
cyclotron frequency).

using the emission at the second harmonic of the
The high resolution Michelson will be installed on the

channel positioned precisely in the equatorial plane and used to measure the
ordinary mode emission (for the determination of T
fundamental of the cyclotron frequency).

using the emission in the

The Fabry-Perots will be used to

measure the emission in the oblique channels.

In this '.jay sufficient

information should be obtained to construct the contours of constant
electron temperature in the poloidal cross-section.

3.Present Operating Channels
Thus far all of the antennae have been installed in the JET torus, and two
channels of the transmission system have been installed and commissioned.
One channel collects radiation emitted in the extraordinary mode along a line
of sight 13 cm below the equatorial plane (Fig 2 ) . This channel is fitted
with one of the low resolution Michelson interferometers.

It has been

absolutely calibrated using a new large area hot source developed and
characterized at NPL.

We estimate the calibration is accurate to ±20% on the

absolute level, while the relative spectral shape is determined to ±10%.
More details of the calibration are given in M / .

No mode filter is

presently installed on this channel, but antenna pattern measurements at
lOOGHz indicate an acceptance angle -v+3",which suggests that efficient mode
filtering is being carried out by the Michelson/detector system.

The data

acquisition presently acquires about 160 individual spectra per plasma pulse
at pr«-set times.

The second channel collects radiation emitted in the equatorial plane. It is
being used for a variety of studies including preliminary measurements with
one of the Fabry-Perot interferometers.

4. F i r s t R e s u l t s
An extensive range of measurements was made with the f i r s t

operational

channel, during the November - December 1983 operating period of JET.

At

t h i s time the main JET parameters were: t o r o i d a l f i e l d B,_ < 2.6T, plasma
current I

< 3.0 MA, h o r i z o n t a l plasma dimension 2a ^ 2m, mean e l e c t r o n

density n

^ 3 x 10 1 9 m~3, T

< 3 keV (determined by ECE).

Measurements were

made of the time and frequency dependence of the emission with the low
f

fr

1

150 .

#1356

80

TIME-5.As

100

120

140

1G0

180

200

220

240

FREQUENCY, GHz

FJgure 3. A typical extraordinary mode emission spectrum (in the range 60 240GHz) from a JET plasma with a central toroidal field of 2.55T.

resolution Michelson interferometer.

A typical measured spectrum is shown in

Fig 3. From the measurements the time and space dependence of the electron
temperature was determined using the conventional frequency to space
transformation.

Since emission in the second harmonic was employed, harmonic

overlap /I/ limits the region over which the temperature can be determined
unambiguously to 2.8 < R < 4.2m (where R is the major radius co-ordinate).
At full operation JET plasmas fill the region 1.7 < R < 4.2m and so just over
half the electron temperature profile was measured.

At any point the

temperature information is averaged over a volume ^ 15cm (FWHM) along the
line of sight and % 15cm (FWHM) perpendicular to the line of sight.

6

Fig A shows a measured electron temperature profile compared with the magnetic
flux surfaces in the plasma determined by the JET magnetics diagnostics and
equilibrium codes.

Fig 5 shows a three dimensional plot of all the

temperature profiles obtained on an early 3MA JET pulse.
A wide variety of profile shapes was measured during this operating period,
varying from peaked through flat to hollow.

In some cases all three types

were observed during a single JET discharge. Assymetries and structure in the
.profile have also apparently been observed but these have usually been
smaller than the experimental uncertainty (±10%).
whether they are real.

It is therefore not clear

Improvements in calibration techniques and hardware

are required, and appropriate development work is in progress.

The ECE data has been used extensively in the confinement studies on JET.

It

has also been found to be of considerable use in the optimization of the
discharge - the exact form of the profile at early times (<ls) can be
important in determining subsequent discharge behaviour.

Further extensive

use of the diagnostic for this purpose is expected.
5. Conclusions
A multichannel system for measuring the electron cyclotron emission from JET
has been designed and constructed.
Fabry-Perot interferometers.

The system employs scanning Michelson and

Two channels of the system have been installed

and commissioned and measurements of the emission are now being made
routinely.

From the measurements the time and space dependence of the

electron temperature profile is determined in the range 2.8 <R< 4.2m.

The

accuracy in the measurement is estimated as ±20% on the absolute level and
±10% on the relative profile shape.

The measurements have been used

MAJOR RADIUS, m
20

30

34
36
38
MAJOR RADIUS . in

Figure 4. A measured ECE electron temperature profile compared with a
magnetic flux surfaces in the plasma (derived from magnetic
measurements).

Vertical error bars on the temperature profile

indicate the uncertainty in the profile shape (±10%).

There i s

also an uncertainty of ±20% in the absolute level of the
temperature.

Pulse

1356

2.5 h

iu

Major radius (m)
4.0 40
Figure 5. Three dimensional plot showing the developments of the electron
temperature profile during the first 6 seconds of an early 3MA JET
pulse. Plasma start-up occurs at t = 4P s,

extensively in the confinement studies on JET and in the plasma optimization.
The remaining channels will be installed in late 1984 and the full
two-dimensional measurement capability should become available early in 1985.
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Abstract
A complex 10-channel overmoded millimeter waveguide/antenna system is under
construction for the JET electron cyclotron emission diagnostic. The design
of the system is discussed and comparison made between theoretical and
experimental performance. Results indicate low loss transmission close to
theoretical expectations.
1.
Introduction
The JET electron cyclotron emission spatial scan diagnostic /I/ is designed
to resolve the electron temperature profile along 10 distinct chords ir. the
JET (Joint European Torus) device, a large thermonuclear fusion experiment
now in operation. Transmission of millimeter wave emission from the tokamak
to the analysing spectrometers, located some 25m away in the diagnostic area,
will be accomplished by means of a 10-channel overmoded waveguide/antenna
system. To enhance the diagnostic potential of the temperature measurement
system when operating in the JET environment, the transmission system must
satisfy several requirements:
1. provide optimal spatial resolution consistent with geometric
constraints. A corollary of this is that a narrow antenna pattern with
low side-lobes is required.
2. produce negligible polarization scrambling (particularly that part
within the torus).
3. have low ohmic attenuation and small mode conversion losses.
These requirements are additionally complicated by the necessity of operating
over a wide bandwidth (at leas'. 100-300GHz) and, in some channels, of
operating efficiently in both polarizations.
With the design of the system virtually complete, experimental measurements
on various components indicate that these requirements can be satisfied, and
that performance close to that theoretically expected can be achieved.

J

2.

The Transmission System

Conceptually, the transmission system may be divided into a number of
distinct components:
fabricated from inconel, to be compatible with
a) Internal Antennae
the torus vacuum requirements, these are, together with the mode filters
(see d ) , responsible for the control of the antenna pattern, and hence
transverse spatial resolution of the system. Principles of their design
have been elucidated in /I/ and HI. Essentially, they are designed so
that the plasma lies in the boundary between the near and far fields of
the antenna pattern, since this has been shown /I/ to provide optimal
spatial resolution. Figure 1 compares the measured far-field E-plane
antenna pattern cf the first JET ECE antenna with the theoretical
pattern. Agreement is clearly good.
b) Vacuum Interface : a wedged crystal quartz window (wedge angle
lClS', clear diameter 68mm) mounted in a high temperature seal /3/
provides the system vacuum seal. To minimise losses and mode, conversion
across this interface accurate alignment (0.1°) of internal and external
waveguides is maintained by careful jigging of the assembly.
c) Polarizer
A wire-grid polarizer, specially developed to
withstand high temperatures, is placed within 50cm of the window to
define polarization orientations.

Measurement
TE 1 0 ° theory
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HORIZONTAL INCONEL ANTENNA WG4,(65x55)
d(cm) 5 c u n , u s i n g pyroelectric d e t e c t o r e - m o d e ,f = 130GHz distance = VB6m(lar f i e l d )

Comparison between experimentally measured E-plane antenna pattern
(solid line) of JET ECE antenna and theoretical pattern (broken
line) for excitation by the fundamental mode at 130GHz
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Comparison between experimental (clotted data) and predicted
(crosses)fundamental mode transmission of a mock-up 'inverted'
S-band waveguide system ?%. long with 4 E- and 4 H-plane bends.
d) Mode Filters : To produce a well defined antenna pattern it is
necessary to place a mode filter close to the vacuum interface
(geometrical and access constraints determine that it must be outside
the torus vacuum). Since requirements for the system resolution
indicate that a fundamental mode filter will be necessary, two
alternatives are being considered:
Q. )

fundamental waveguide;

(2)

groove waveguide / 4 / .

Tapering from overmoded waveguide to the smaller dimensions of mode
filters in the limited space around JET has provided s substantial
challenge, but a solution based en a combination of optimised rcn-1 inerir
tapers /5/ and lens-corrected linear tapers has emerged from our
studies.
e) Transmission System
: As the complete rroristnission system will le
i-40m long with M 2 "bends (4xE,8xH), low ohmic ;itteruation and cede
conversion is essential. The system is therefore based rn S-band
waveguide used with inverse aspect ratio (72.1 h :c 34.04mni). r>i>trinents
rave shown that a well-aligned system with accurately psi't f:::ea bends
produces transmission within a factor of 2 of theoretical expeil ;irions.
Figure 2 shows a comparison between the measured ?ml pretiictea
fundamental mode transmission in a 25m long system with '• F- .-;nd 4
H-plane bends.
f) Interferometer Interface
: a design based on a rot'e-ccnvertor
between rectangular and circular waveguide /6/ is under ir.vej- tigatior

111.
13

3.

Conclusions

Experimental and theoretical investigations indicate that enteinm/inode filter
configurations ex, rently under development will provide acceptably narrcv
antenna patterns for the JET ECE spatial scan diagnostic ana that a
well-aligned overwoded S-band waveguide system will provide .lew-loss
transmission in the millimeter vave range. Present l'i.-pectations are that
total fundamental mode attenuation (ohmic loss and node conversion) of the
JET antenna/waveguide system should lie in the range 12-15dB.
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ECE SIMULATION FOR D-SHAPED TOROIDAL PLASMAS AND
ITS RELEVANCE TO JET
A. AIROLDI, A. OREFICE, G. RAMPONI
istituto di Fisica del Plasma, EURA TOM-CNR Fusion Association,
Via Bassini 15, 20133 Milano

Abstract

A code which solves the Hamiltonian form of the geometrical
optics equations in a general toroidal equilibrium and computes
absorption and emission of EC waves alona the ray trajectories
is employed to simulate ECE for diagnostic purposes. The complete antenna system installed on Jet is taken into account,
together with their geometrical and finite pattern characteristics. Typical horizontal and vertical radiative temperature
profiles are presented together with the assumed equilibrium
data. A comparison with some ECE measurements performed on
Jet is shown.

Although a simpler theory has been successfully employed in
interpreting ECE thermal spectra measured in the equatorial
Plane of medium size Tokamaks, in larqe machines like JET a
different situation exists with respect to the Tokamaks of the
previous generation:
i)

in the plasma viewing svstem (a set of ten antennas distributed in a fan-shaned array receive the radiation from the
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whole poloidal Diane in order to achieve bidimensional
temperature profiles)
ii)

in the magnetic ecruilibrium configuration (D-shaned equilibrium surfaces)

iil) in the wide range of plasma parameters to be explored.
These differences invalidate most of the assumptions underlying
simplified models and make necessary a more comprehensive theory,
includine ray tracing in toroidal geometry and a relativistic
formulation of the nlasma dielectric tensor. The "ECR Simulation
Code" / 1 / , which is an integrative nart of a system of simulation-interoretation codes for ECE on JET / 2 / , calculates the
single-pass emitted intensities taking into account all together
the effects of refraction, poloidal field, finite line width
of the resonances and overlapping between different harmonics.
We refer to Maxwellian plasmas and to a moderate temperature
regime (T<iOkeV) where the cyclotron radiation spectrum is
basically in the low harmonic range and a separate description
of different harmonic contribution is possible. By using
Kirchhoff's law and the well known integral solution of the
radiative transfer eauation /3/, the radiation intensity leaving
the plasma

at a given frequency u

and in a given polarization

mode (extraordinary,r X, or ordinary, 0,) is comouted along the
ray trajectory obtained by solving the Hamiltonian system of
geometrical optics eauations in toroidal geometry / 4 / . While the
cold dispersion relation is both convenient and allowable for
the ray tracing, the absorption coefficient is calculated by
usina a relativistic warm plasma theory for all the considered
directions of nropagation. In the Code the expression of the
weakly relativistic plasma disnersion functions is given in
terms of the Fried and Conte Z function, as obtained in Pef./5/.
In order to obtain the "antenna temperature", i.e. the mean
brightness temperature weighted according to the directionality
characteristics of the antenna, we model the gain function of
each antenna by considering a set of representative rays characterised by their positions and divergence angles with respect
to the antenna axis, and by assigning each ray a weight w T .
Then, for each of the two Plasma polarization modes, we take:

TA - lj w 3 T* CJ)
16

(1)

T (J) being the radiation temperature carried by the ray J. The
code calculates the "antenna temperature" for the set of 10
antennas installed on Jet (see Fig. 1 ) , for both the X and 0 mode, for different positions corresponding to resonances as
first or second harmonic. The third harmonic emission is also
calculated when overlapping between second and third harmonic
occurs. The simulations are performed by considering electron
density and temperature profiles given in terms of the label
"\p of the magnetic surfaces. "^ is related to the toroidal
coordinates

r and 9 by
Krl

i-*
|

where the coefficients b.

r
U

"I ^

(2

are given bv the Jet equilibrium

code.
In Fig. 2 the effect of refraction in a D-shaped plasma is shown
for two different frequencies and antennas. In Fig. 2 (a) the
isodensity curves are shown for the considered case. In Fig. 2
(b) the spreading of the beam of antenna 1 receivinn an ordinary
wave as first harmonic is shown, when

h =

coP (o.yuc (o) = 1.07.

Jn Fig. 2(c) the bending of the beam of antenna

7

receiving

an extraordinarv wave as second harmonic is shown, when h = 1.25;
this effect may cause a vertical localization of the measurement
different from that expected by ignoring refraction. In Fig. 3
(a,b) one horizontal and one vertical antenna temperature orofile
are shown, compared with the assumed electron temperature profile, for the same D-shaped plasma but for h = 0.87. The fact
that in toroidal geometrv the parallel component of the refractive index varies along the rav trajectory depending on the poloidal field component, as shown in Fig. 4, may be of importance
not only in evaluating the total optical depth but also in determining the effective width of the emitting layer.
In Fig. 5 we show a comparison between experimental data obtained
on Jet / 6 / by using a single horizontal channel (antenna 3 ) , 2
harmonic X-mode, and the simulation results obtained by using
the relevant eauilibrium configuration (see Fig. 5 (a)) provided
from the Interpretation Sroun of Jet /!/. In the considered case
refraction effects are not important, the electron density being
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horizontal

Fig.

1 : Set-up of the two groups of antennas for ECK on Jet.

z.a

Fig. 2 (a,b,c)

It,

3.0

•4. a

2.a

3a

A. e

(a) Isodensity curves in the poloidal plane,
as assumed in the simulation;
(b) Refraction of the beam of antenna 1, o mode
first harmonic, when h = 1.07;
(c) Refraction of the beam of antenna 7, X mode
second harmonic, when h = 1.25.

T- (keV)

Fig. 3 (a,b)

(a)

(a) Radial profile of T for antenna 3, in the
same equilibrium case of Fig. 2 but for
h = O.87 (X are the calculated values for
the second harmonic X mode, 0 are the
calculated Doints for the 0 mode);
(b) Vertical profile of T for X and 0 mode,
A

for R = 2.96m.

Fig. 4 (a,b) : Variations of n n along the major radius for two
different antennas and for the five rays:
(a) antenna 1, 0 mode
(b) antenna 7, X mode

1.9

Fig.

5

(a,b,c):

(a) Isodensitv curves assumed
for the simulation relevant
to the shot 1327

,

(b) Comparison between experimental data
ed

(+) and calculat- 1

(X and 0 ) , for an assumed

parabolic temperature profile
(c) A s in

( b ) , but with a parab-

olic squared

temperature

profile.

sufficiently low (h=0.63).

In Fig. 5(b) where the experimental

data fits well with the calculated data, the simulation has been
performed by assuming a parabolic temperature profile, while
in Fig. 5(c) discrepancy between experimental and calculated
points is only due to the fact that the assumed temperature
profile is flatter than the previous o n e .

Acknowledgements
It is a pleasure for the authors to thank the Jet staff and
in particular Drs. A. Costley and D. V. Bartlett for the experimental information, and Dr. M. Brusati for his assistance in
the definition of the magnetic equilibrium configuration.

20

References
/ 1 / Airoldi A., Orefice A., Ramponi G., ELECTRON CYCLOTRON
EMISSION SIMULATION CODE FOR JET, Report F*> 83/15 (1983)
/ 2 / Bartlett D.V. SIMULATION AND INTERPRETATION CODES FOR THE
JET ECE DIAGNOSTIC , Reports EUR-CEA-FC-1187 and 1188. (1983)
/3/ Bekefi G., Radiation Processes in Plasmas, J. Wiley (1966)
/ 4 / Stix T.H. The Theory of Plasma Waves, McGraw-Hill (1962)
/5/ Krivenski V., Orefice A. J. Plasma Physics J3O (1983), 125
/6/ Bartlett D.V., Costley A., private comunication
/7/ Brusati M., private comunication

21

ABSOLUTE CALIBRATION OF THE JET ECE SYSTEM
E.A.M. BAKER*, D.V. BARTLETT**, D.J. CAMPBELL**, A.E. COSTLEY**,
A.E. HUBBARD***, D.G. MOSS*
"Division of Electrical Science, NPL, Teddington, Middx, TWll OLW, UK
**Jet Joint Undertaking, Abingdon, Oxon, OX 14 3EA, UK
***Imperial College of Science and Technology, London SW7, UK

Abstract
The first Michelson channel of the JET ECE system has
been calibrated absolutely using a new high temperature
source. The estimated uncertainties are of order ± 20%
in the absolute spectral response and ± 10$ in the
relative spectral shape.
The first Michelson channel of the JET ECE system, /"I/, has been calibrated
absolutely using a new large area source of known temperature and emissivity,
developed at NPL. In the technique used, the source fills the antenna pattern,
the interferometer is rapid-scanned (as in the plasma measurements) and interferograms are digitally recorded and coherently added to enhance the signal
to noise ratio.
The main requirements of the source are:
i)
ii)
iii)
iv)
vi

high
high
good
good

temperature
emissivity in the region 100 - 1000 GHz
temperature uniformity across the source surface
temperature stability

1 •] •—- • irr>a

The source used has a heated area of 200 mm square, and comprises plate glass
of total thickness#12 mm, heated to elevated temperatures using an Electro
Optical Industries Extended Area Source 16O8. The temperature of the source
is stabilised by feedback from a platinum resistance thermometer mounted in
the heating surface, and the hot surface is recessed to minimise the effects
of draughts. The set temperature of the source can be varifd in the range
0 - 600 K above room temperature.
The temperature of the^source is measured using an AGA Thermovision 780
Infrared Camera System . The camera operates in the region 3 - 5 M-m, where
both the glass plate and the heating plate have emissivities > 0.95. Hence
* Electro Optical Industries Inc., Santa Barbara, California 93105, USA
#*
AGA Infrared Systems Ltd, Leighton Buzzard, Beds, UK.
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measurements with and without the glass plate in place give temperatures of the
upper and lower surfaces of the glass plate respectively. This method assumes
that the heating plate is stabilised to the same temperature with and without
the glass plate in place, and measurements with a thermocouple confirm that
this is the case.
The AGA camera measurements show that the temperature variation across the
glass surface is < ± 20 K and that the stability is < ± 1 K. Measurements of
the reflectivity of the source show that the emissivity is «=0.80 in the region
100-1000 GHz. The effect of the temperature drop through the glass plate is
included by solution of the radiation transport equation, including the effects
of multiple reflections within the glass plate. Hence the effective blackbody
temperature, Teff, of the source is determined. The maximum value of this is
Teff ty 670 K, (ie. the maximum source - room temperature difference is of
order twice that obtainable using a liquid nitrogen temperature source).
Fig. 1 shows a schematic of the arrangement used for calibration measurements
on JET. Since it was not possible to put the calibration source in the JET
vacuum chamber, the waveguide was disconnected close to the torus and the part
of the transmission system inside the vacuum chamber was reconstructed. The
response of the system was measured as a function of frequency for three
different source temperatures and the overall system response curve is thence
derived (Fig. 2 ) . The curve was obtained from about 6 hours of coherent
adding.

The principle sources of uncertainties are
i)
ii)
iii)
iv)

nonuniformity of source temperature (± 5$)
uncertainties in AGA temperature measurements (± k%)
uncertainties due to temperature gradients through plate (± \%)
uncertainties due to coupling at front end of transmission system
(± 356)
v) random noise in source reflectivity measurements (± 5%)
vi) noise in calibration data (± 5%).

The uncertainties at v) and vi) above combine to give a random uncertainty of
± 1%, and this is combined linearly with the uncertainties at i) - iv) above
to give a total uncertainty of ± 20$. Hence we estimate that the uncertainties
are of order ± 20$ in the absolute spectral response and ± 10% in the
relative spectral shape.
The validity of the system response curve is checked by using it to determine
the temperature of a known source, in this case microwave absorber immersed in
liquid nitrogen. The deduced temperature is in agreement with the known
temperature across the frequency range of interest, to within experimental
uncertainties.
Measurements with a microwave source and a variable attenuator establish the
linearity of the system response between power levels involved in calibration
measurements and those involved in plasma measurements (Fig. 3 ) . Hence the
measured response curve may be used to calibrate absolutely the measured ECE
spectra /1/.
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AN INTERPRETATION CODE FOR ECE MEASUREMENTS ON JET
D.V. BARTLETT
Jet Joint Undertaking, Abingdon, Oxon, U.K.

Abstract
An interpretation code for the determination of electron temperature profiles
from ECE measurements on JET is described.

Both the nature of the JET plasma

(high T , D-shape etc.)i and the characteristics of the diagnostic (viewing
chords spread across the whole plasma cross-section), require that previously
unimportant physical effects be considered.

The code takes these into account

when deducing the 2-D temperature profile.

1.

Introduction

The characteristics of the JET plasma, and the intended use of the ECE
diagnostic to give two-dimensional temperature profiles (1,2), give rise to
new problems in the interpretation of ECE measurements.

The simple analysis

of measured ECE spectra used on smaller tokamaks will not be adequate for full
performance JET plasmas. A comprehensive set of numerical simulation and
interpretation codes has therefore been developed, with the aim of providing
the best possible estimates of the spatial electron temperature distribution
from the measured spectra.

An interpretation technique which required detailed calculations of plasma
emission during the analysis would be unsuitable for the large amounts of
experimental data produced on JET, because of the considerable computation
time involved.

To overcome this difficulty, we have divided the interpret-

ation into two parts::a Simulation Code which takes into account all tho
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relevant physical effects in the emission and propagation of the radiation,
plus the effects of the measuring instruments, and an Interpretation Code
which uses information generated by the Simulation Code in the analysis of
measured spectra.

The lengthy calculations of the Simulation Code may be

performed at any time, while the Interpretation Code is suitable for rapid
data analysis.

This paper is concerned primarily with the Interpretation Code, which has
been described in detail in [3]. The code for accurate calculation of singlepass emission is described in [4] and [5].

2.

The Need For An Interpretation Code On JET

The interpretation of JET spectra must take into account a number of factors
which have not generally been important in other tokamaks:

(i) The line-of-sight is not confined to the mid-plane of the plasma.
Figure 1 shows ray trajectories for the 9 E-mode antennae, with
19
— ^i
refraction (for n = 5 x 10
m ) . The tenth antenna views the plasma
in the 0-mode in the mid-plane. In deducing a 2-D temperature profile it
is necessary to consider both the effects of refraction and the variation
of temperature across the width of the antenna pattern.

In addition,

the antennae viewing the plasma at the extreme oblique angles will also
receive radiation from near the plasma centre, coupled into the line-ofsight by wall reflections.

Since this wall reflected radiation may be

considerably more intense than that which is emitted locally, reflection
modelling and precise optical depth calculations will be necessary in
order to assess the validity of temperature measurements in the outer
channels.

(ii) Spectral broadening of the emission and polarization changes during
propagation through the plasma will be significant.

Relativistic

broadening may be important at high temperatures, and the longitudinal
component of the poloidal magnetic field will increase Doppler broadening
in the outer channels.

Both of these effects will set limits on the

space localization of the temperature measurements.

(iii) Careful choice of low-pass radiation filters is required to remove
the strong emission in the higher harmonics which would give rise to
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2.96
Major radius (m)

Figure 1: Poloidal cross-section of the JET plasma, showing the direction
of view of the nine E-mode antennae with refraction corresponding
to central second harmonic radiation at 2.8 tesla and a central
19 —3
electron density of 5 x 10 m
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spurious results with the Fabry-Perot interferometers which will be used
[2]. Evaluation of the performance of such filters is an important role
for these codes.

3.

The Interpretation Technique

The Simulation Code [3,5] takes into account all the factors which affect
the generation of the spectra, and their measurement.

This code provides the

Interpretation Code with two inputs:
(i) The best possible estimate of the spectra which will be measured.
These spectra are useful both for checking the behaviour of the
Interpretation Code and for determining the operating limits of the
diagnostic as a whole.
(ii) "Look-up Tables" of various quantities which are required in the
deduction of temperature profiles from the measured spectra.

These

quantities (which are averaged over a number of individual rays used
to represent each antenna) describe the position and size of the emitting
region, the degree to which it attenuates wall reflected radiation and
an estimate of the intensity of the wall reflected emission.
Calculations are made for a range of frequencies in both polarizations.
Work is in progress to include the effect of polarization changes as the
radiation propagates through the plasma.

Look-up tables are calculated for a variety of plasma conditions so that
the most appropriate can be used in any particular case.

The Interpretation Code takes measured spectra and a look-up table and
applies a step-by-step analysis to fit analytic forms to the plasma shape
(flux surface contours) and temperature profile (as a function of normalized
radius).

The output of the code consists of these analytic fits plus

quantitative estimates of spatial averaging and some simple statistical
estimates of the quality of the fits.

In brief, the steps in the interpretation are :
(i) The spatial location of the

- :aance is calculated for each

spectral point by interpolation in the look-up table. Points with
unacceptably large spatial averaging (eg. too large refraction) or
inadequate optical depth to screen wall relections are eliminated.
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(ii) The central channels (where the temperatures are least sensitive
to the plasma shape) are used to fit a temperature profile as a function
of normalized radius.

(iii) All the measured data are used to fit the plasma shape in the form
of normalized radius (flux surface label) as a function of major radius
and height coordinates.

Information about the plasma boundary (from the

magnetics diagnostics) may also be included.

A simple statistical

analysis can be used to see how good the fit is, and data points which
are not useful can be eliminated.

The fit is also compared with the

plasma shape which was used in the calculations that produced the lookup table.

If there is a large discrepancy, another look-up table is

selected and this step repeated.

4.

Preliminary Results

Since spectra measured throughout the 2-D cross-section are not yet available,
the operation of the Interpretation Code has been examined by applying it to
calculated spectra.

A simplified version of the Simulation Code was used to

generate emission spectra for the 9 E-mode antennae assuming a plasma of
19 —3
central temperature 1 keV, central electron density 5 x 10
m
and toroidal
field 2.8 tesla.

The effect of the Michelson and Fabry-Perot spectrometers

on these spectra was also simulated.
produced from the spectra.

At the same time, a look-up table was

These "measured" spectra were then analysed by

the Interpretation Code and the resulting fits compared to the plasma
conditions assumed for the simulation calculation.

In figure 2 the 1-D temperature profile deduced from the spectra is compared
with the profile that was used in the simulation calculation.

Figure 3

shows the spatial location and averaging volume deduced for each of the
frequency points in the simulated emission spectra.

On the same figure, the

plasma shape fitted from these points is compared with the shape which was
used during the emission calculation.
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Fitted
profile

Normalized radius
Figure 2: Electron temperature profile as a function of normalized radius
deduced by the Interpretation Code from simulated spectra.

The

spectra were calculated assuming a central plasma temperature of
19 —3
1 keV, central density 5 x 10
m
and toroidal field 2.8 T.
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THE CONTRIBUTION OF SYNCHROTRON RADIATION TO THE
ENERGY BALANCE AND TRANSPORT IN AN ADVANCED-FUEL
TOKAMAK REACTOR
S. ATZENI, G. VLAD
Associazione EURA TOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65-00044 Frascati, Rome, Italy

ABSTRACT

The influence of synchrotron radiation emission on the energy balance of
an advanced-fuel (such as D-3He, or catalyzed-D) tokamak plasma is considered.
It is shown that a region in the p-T space exists, where the fusion enet-gy delivered to the plasma overcomes synchrotron and bremsstrahlung energy losses,
and which could then allow for ignited operation. 1-Dimensionai code results
are also presented, which illustrate the main features of radial transport in
a ignited, D-3He tokamak plasma.

1. Synchrotron radiation emission (s.r.e.) is an important mechanism of energy loss for a magnetically confined thermonuclear plasma /I/. In particular
it could affect in a significant way the energy balance of the envisaged advanced-fuel reactors, that should operate at temperatures about or greater
than 50 keV (see, e.g., / 2 / , and Refs therein).
In this paper we restrict our attention to tokamak reactors and first
present a simple expression for the computation of the volume-averaged s.r.e.
energy loss from a inhomogeneous plasma, surrounded by a reflecting first wall
(Sec. 2). In Section 3 we show that a "design window" in the space p-T seems
to exist, which could allow for the ignition of an advanced fuel (e.g. D- 3 He).
We then study, by means of 1-D codes, the radial transport of synchrotron ra-
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di at ion and compare the resulting flux with those due to the other relevant
transport mechanisms (Sec. 4 ) .
In the following we shall use gaussian units, with the temperatures in
keV. Unless differently stated, suffix o indicates values at the centre of
the plasma column.
Zj_

The power emitted via s.r.e. by the unit volume of a homogeneous thermo-

nuclear plasma in a uniform magnetic field is usually written as /I/
Ps = Q *

(1)

where Q is the power density radiated by the plasma neglecting reabsorption
and * is the so-called transparency factor, which takes into account both the
plasma opacity and the reflectivity of the metallic surface surrounding the
plasma. In the case of a maxweliian plasma, in a vacuum field B , we have / I /

* = 3 t V c e I M f o =6-25x10"18n e V 1 + 2§4>
where p = 511/(T
density, w

[keV]), T is the electron temperature, n is the electron
e
e
,
e
= eB/m c, where B = B (1-p) is the actual field seen by

the electrons, and p = 8rt(ne+ni T./T e ) kTe[°k]/B2.
The transparency factor of a plasma cylinder of radius a or slab of
thickness a, accurately computed in / 3 / , is approximated by / 4 /
<|> = 7.7xlO-3 1^/.^,

Y = 0.56

(3)

< 10Q keV, 10 3 < i£* < 10 7 , where if* = ¥+{\ - R ) ,
e —
—
—
= 6.03xl0-9 n a/B, and R is the average first-wall reflectivi-

in the range 30 < T
&

= au)2 /ciu

ty. Equation (3) is similar to, but more accurate than the expression proposed
by Trubnikov / 5 / , and has a 20% accuracy in the range 3*lO3 < i ^ * < 5xlO 5 , and
40% accuracy elsewhere.
When an actual, inhomogeneous tokamak plasma, with a non-circular cross
section, is considered, we have found, by comparison with numerical results
/6,7/

that the volume averaged s.r.e. loss can be written as / 4 / <P >=<Q> <!>

i.e. the product of the volume averaged vacuum emission times the transparency
factor (Eq.(3)) computed with the central value of T , n

and vacuum magnetic

field (i.e. with p = 0). The effect of openings in the first wall, which accounts for a fraction £ H of unreflected plasma surface, can be described by
substituting ^ with 4 ^

= -^(l-^)

+

<|>O)R:=0 4H-

Recently, it has been pointed out / 8 / that in a dense plasma s.r.e.
3 fi

is reduced by a factor f with respect to the value given by Eq. (2), which

is

obtained by integrating the emission of an isolated electron over a maxwellian
distribution. However this effect is easily seen to be negligible in the cases
of interest to us. Indeed, rearrangement of the result of /8/ yields, for
small x, f = 1-x3, where x = 3q/[m*C9m*uz/2)1/3] ; q = ( w p e A u c e ) 2 = MP e /2; P e =
8n n kT [°k]/B2 and, with standard notation (in*)3 = 2ntyg* k3(u)/k2(u). If p e
= 50 keV, and it* = 10 4 we have f s 0.975.

= 10%, T

3^_

The importance of s.r.e. energy losses can be evaluated in a simple way

by considering for a homogeneous plasma, with T

= T., the ratio if= C f " P R ) /

= n2g,/P where P_ is the fusion energy released as charged particles and
6
S
TC
P_ is the sum of the e-i and e-e bremsstrahlung losses /9/. Neglecting, for
D

/P

S

simplicity, thermal conduction losses, ignited operation requires a) gx > 0,
a n d b ) iji > 1.
When the plasma composition is given, condition b) for ignited operation
becomes
b

1

{n

ea) Y

92(T)

1

where g2(T,Z) = 1.48*10-29 T 7 2 (1 + T/204) (1 + 1/Z); x R = 4 H + (1-^) (1-R),
B = B/105 G and (n"a) = n a/1017 cm-2. Notice that if the electron conduction
e
e
losses are assumed to be described by the "Alcator scaling" (c [s] = 2*10-19
n a 2 ) , and if we require n
6

6

= 2xlO 15 cm-3 s, as appropriate for D-3He or

t
6

catalyzed-D burning /10/, then (n"a) = 1. The function g(T) = 0 at T = T. ,
the ideal ignition temperature, and is a maximum at a certain "optimal operating temperature" (with respect to s.r.e. losses) T = T

. For a non-polarized

3

50-50 D- He fuel and maxwellian-averaged reactivities we have T. = 28 keV,
T
= 45 keV and 3g(T
.) = 4.35, while for catalyzed-D T. s 25 keV and T .
V
opt
opt
•*
ig
opt
= 35 keV. Inequality (4) defines a sort of "operating region" in the p-T
plane. For instance, for a D-3He plasma, and (n"a)/B

= 1 , !„ = 0.1, R = 0.9,

the minimum value of p which satisfies Eq. (4) is p . = 7.1% at T = T

= 45

keV, while p can be si,,al1 than 15% in the range 35 < T £ 85 keV.
Computations of P

, PB, and P

(for <p> = 5,10,15,20%) referring to a

3

D- He fuel in toroidal geometry, with parabolic density profile and gaussian
temperature profile, and including partial (10%) leakage of 14.5 MeV protons
are shown in Fig. 1. The device parameters are axbxR

= 50x75x120 cm3, B

=

125 kG, 4 H = 0.05, R = 0.95, and I = 7 MA. Notice that appropriate consideration

of reactions

between

non-thermal

ions and

of

the

slowing

down

of

g
co

1 -
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Fig. 1

60
T:n(keV)

Voi urne-averaged normalized power densities P,

= <P, >/n, Pg = <P >/iì,

and P = <P >/n, versus the peak temperature T. , for a D-3He tokamak
plasma, with parabolic density p r o f i l e and gaussian temperature pro-

file T = T Q exp [-(2/3(r/a) 2 )]; J
text for the relevant parameters.

= 0.95 " l \ ; n = n eQ /(10 15 cm- 3 ). See

charged fusion products /2/, /IO/ relaxes the ignition conditions. Also the
use of polarized fuels could increase the D-3He reactivity by a factor 1.5.

4^

The influence of synchrotron radiation on the energy balance of an ignit-

ed advanced-fuel tokamak plasma has also been studied by means of a 1-0, two
temperature plasma transport code including fusion
energy exchange, bremsstrahlung

reactions, electron-ion

and synchrotron emission and thermal conduc-

tion /ll/. We have assumed neoclassical ion thermal conductivity and the anomalous thermal conductivity for auxiliary heated plasmas described in Ref. /2/.
The profile of s.r.e. entering the plasma transport code has been obtained
from a 1-0 radiative transfer code [7], fed with the temperature profile provided by the former coJe; this process has been iterated to convergence.
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60

Fig. 2

Radial profiles of the relevant power densities and energy fluxes for
a D-:1He tokamak plasma with the parameters given in the main text,
e: electron conduction; i : ion conduction; s: synchrotron radiation;
b: bremsstrahlung; fe: fusion power to electrons; f i : fusion power to
ions.

39

In the lower part of Fig. 2 we show the profiles of the significant power
density terms for a D-3He tokamak plasma with the same parameters of Fig. 1
and peak density n
keV, and then B

= 1.75 x 10 1 5 cm-3. The peak ion temperature is about 60

= 45% and <B> = 8%; similar results are obtained for cata-

lyzed-D plasmas.
The phenomenology of s. r.e. transfer can be represented by an internal region of the plasma, at high temperature, which is net radiator, and an outer
region of relatively cold plasma, which is net absorber. It is to be noted
that in our case the region which is net absorber corresponds to the region of
plasma which is not ignited.
In

the

upper

part

of

Fig.

2

the

s.r.e.

energy

flux

is

com-

pared to those due to the neoclassic ion and the assumed anomalous electron
conductivities

and

with

Bremsstrahlung

energy

flux.

Figure

2

shows

that the external cool plasma layer emits via bremsstrahlung the thermal energy that it receives from the burning center of the plasma column by the electron thermal conduction and by reabsorption of synchrotron radiation. Under
these conditions Bremsstrahlung accounts for about 70% of the energy losses,
while s.r.e. for only about 13%.
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INVESTIGATIONS ON THE EMISSION OF OPTICALLY
THIN HARMONICS

FR)

L. LAURENT, D. BARTLETT

Association E U R A TOM-CEA sur la Fusion
Department de Recherches sur la Fusion Contrólée, Centre d'Etudes Nucléaires
Botte Postale n. 6 - 92260 Fontenay-aux-Roses, France

I - INTRODUCTION

Electron cyclotron emission at frequencies for which the plasma is
optically thick has been used for a long time as a diagnostic to determine
the electron temperature in tokamaks. When the resonant layer is optically
thin the emission contains information on the plasma density (provided the
electron distribution is Maxwellian). However the measurement

of the electron

density is hampered by wall reflections and the presence of multiple resonant
layers in large aspect ratio tokamaks. We describe here theoretical and experimental investigations of the emission by "optically thin harmonics" which has
led to improved modelling of E.C.E. for the J.E.T. tokamak and an attempt to
measure the electron density in T.F.R. (More details can be found in [" 1 1 ,[2])

II - PLANE-PARALLEL MODEL (One resonant layer)

This one dimensional model was introduced for the computation of E.C.E.
by Costley et al.

[ 3 ]. The emission, assumed to propagate in one direction,

is defined byits intensity for both polarisations > ordinary

(o) and extraordi-

nary (x). The resonant layer is an homogeneous infinite plane perpendicular

* Present address : JET JOINT UNDERTAKING.
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to the rays, characterized by its temperature T, and its optical thickness
for both polarisations ( x x » x ° ) . The walls are also infinite planes parallel
to the resonant layer. They are assumed to reflect a fraction p of the intensity into the same polarisation and a fraction q into the other. The resulting
intensities (I and I )
Ix =

I1

- e

(1 -

are:

X*

P

e

]XBB
j
Tx

and

1° = Ix_
1 -p

2
with P =

q

P

BB ~

1 -p
wherel

3 2
8"
c

is the black-body intensity
bo

This model accounts for the enhancement of the emission by ^aB reflections and for the experimentally observed polarisation scrambling. However it
cannot give accurate results for the two following reasons.

- Unrealistic geometry : In a toroidal vacuum vessel a ray crosses
the inhomogeneous resonant layer several times at different locations and the
resulting intensity is a complex equilibrium between the vacuum vessel and a
non-isothermal layer.

- Wall reflection modelling : The vacuum vessel has an irregular shape
and reflections can spread a ray in the toroidal direction as well in the poloidal plane. The optical thickness for propagation directions non-perpendicular to the toroidal field must therefore be considered.

We first compare the experimental results to the predictions of the
model. The intensity can always be written :

H

" Peff

eTXJ

whTi K is a "dilution coefficient " and p

an effective reflectivity.

These two numbers are complicated functions of the plasma parameters, and of
the point where the intensity is observed.

14

Measurements of cyclotron emission at 3 f
that surprisingly K and

p

(t % 0, 2 ) have shown

were almost constant during a given discharge.

It has been possible to obtain t x

as a function of I and hence the density[ 4

For T.F.R. one measures

0,89

D
v

__
eff

=

±

0,02.

III - PRESENTATION OF THE CYLINDRICAL MODEL

A more general model has been used to describe the emission of optically thin harmonics, to understand the behaviour of K and

p

. The intensi-

ties arriving at the wall or reflected for both polarisations define four funtions of direction of propagation and of the position on the vessel :
o

x

I '

__ (after.before reflection). The reflections can be considered as a line-

'
ox
a r o p e r a t o r R t r a n s f o r m i n g (I,,,,
tsK,

I __ ) i n t o ( I

AD

ox
I . n ) . I t i s taken a s a

HK,

DK

An

linear combination of diffuse and specular reflectivity where the scrambling
coefficients p and q have also been introduced. The transmission of the plasma
can also be considered as a linear operator T transforming the distribution
of intensity leaving the vacuum vessel into that arriving after one transit
through the plasma. The emission by the resonant layer can be defined by the
o
x
two intensities arriving at the wall (S , S ). The equilibrium between the
plasma and the wall can be written :

The solution is formally the same as the plane model

I

AR 'I AR ) =

(I

t ! - TR I

1

(S°. S*> =

?

X (TR? (S°, S X )
o

It can be obtained numerically. Two codes have been written, both with
cylindrical geometry and realistic electron temperature and density profiles.
They differ in the geometry used and the modelling of reflections :

- The code written for the J.E.T. tokamak is a 2D restriction of the
problem for non circular plasma and vacuum vessel. The reflections are only
diffuse but several resonant layers can be present.

- The other, for T.F.R, assumes that the vacuum vessel is a cylinder
and that everything is invariant under translation along the axis. The reflec-

tions are diffuse in the toroidal direction, and a combination of specular and
diffuse in the poloidal plane.One output is the values of K and p

corres-

ponding to the emission. Only one resonant layer is present.

IV - APPLICATION TO THE EMISSION OF THE T.F.R. TOKAMAK

In the first calculation, the reflectivity is assumed to be diffuse
and the vacuum vessel filled with a standard plasma. Different values of p and
q are tested to obtain the experimental value of
lution of p

p

ff.

Fig. 1 shows the evo-

as a function of the wall absorption e = 1 - p - q

for diffe-

rent values of q. It appears that the value of e compatible with the experiment is 1,25

+ 0,25 %. The values of p and q play only a small rcle in the

characteristics of the emission (intensity and polarisation). The electron
cyclotron emission at 3 f
e= 0,0125 (intensity and

can be simulated with p = 0,7875

q = 0,2000

polarisation).

Peff
Measured
on T.F.R

cylindrical
code

.01

.03

.05

C- 1 - p - q
(Wall absorption)

Fig. 1
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Peff

2K

P=1

P=2

.95 - .1.75 -

3=3

.90
.85
2.5

1.5

3 P

20 cm

10 cm

Fig. 2
Then it has been shown that the results were unchanged if the reflectivity operator was modified provided that at least 20 % of the reflections
are diffuse. The role of the profiles of electron temperature and density has
also been investigated. Fig. 2 shows the variation of the effective reflectivity as a function of one of the parameters defining the temperature profile.
The conclusion drawn from these computations is that it is not surprising that,
during an ohmically heated discharge, the plane model gives good results and
even a good estimate of the density.

However when there are dramatic changes in the profiles (additional
heating) K and p

vary and it is no longer possible to measure the density.

V - CONCLUSION

It is planned to use a set of two Fabry-Pérot

(tuned to 2 f
and 3f )
ce
ce
to give routinely the density which would be given by the plane model expres-

Later a Michelson interferometer will be coupled to a microcomputer
in an attempt to measure a density profile using a table of data computed with
the cylindrical code ( p
en

as a function of the width of the 3 f
line). An
ce

extension to the case of several resonant layers will be tested for the Tore
Supra tokamak.
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ELECTRON CYCLOTRON HEATING IN A TOKAMAK REACTOR

H.HSUAN

£ US 00 O OS

Plasma Physics Laboratory, Princeton University Princeton, New Jersey 08544

ABSTRACT

The role of electron cyclotron heating (ECH) in a tokamak reactor is
discussed, various aspects of physics and engineering issues are reviewed.

I.

INTRODUCTION
Success in producing high power gyrotrons has dramatically raised the

importance

of

electron

cyclotron

heating

(ECH)

for

tokamak

research.

Currently, the state-of-the-art is represented by the USSR experiments on
the T-10 tokamak /I/ utilizing gyrotrons at approximately 86 GHz, 300 kW per
tube, and 150 msec pulse duration; and by the US experiments on the PDX/PLT
tokamaks /2/ and on the Doublet III tokamak /3/ utilizing gyrotrons at 60
GHz, approximately 200 kW per tube, and 100 msec pulse duration (recently
extended to CW capability).

These experiments have been mainly paced by

technology related to the development of gyrotrons and to the transmission
of wave power.

In the future, technical development of gyrotrons and

possibly free-electron lasers will still dictate the role of ECH in the
development of

a

tokamak

reactor.

However, physics

issues

favor

the

utilization of ECH for bulk heating in a profile-controllable manner for
generation or modification of plasma current and for the mere initiation of
plasma in a tokamak reactor.
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Section II contains a brief review of the requirements of a tokamak
reactor' during

various

applications of ECH.

phases

of

its

development

and

of

the

relevant

Section III presents qualitatively several aspects of

the ECH physics issues in a tokamak reactor.

In Sec. IV some technical

requirements are discussed, and Sec. V contains the conclusion.

II.

\ TOK'V'lAtC REftCTOR AND THE ROLES OF ECH IN ITS DEVELOPMENT
As a consequence of the steady improvement of tokamak performance

parameters, tokamaks have become the mainstream device for nuclear fusion
research.

The maximum temperatures that have been achieved are T^ = 7 keV

and T e = 4 keV /4/; the maximum Lawson Number is nT £ = 6 x 10

cm"

sec

/5/; and the maximum (3-value obtained is approximately 4% /6/. While these
parameters individually come quite close to those required for a D-T fusion
reactor, it is important to note that at present no device has achieved them
simultaneously.

Nevertheless, it is found that these performance parameters

improve with machine size, with additional heating, and (in the latter case)
with increased plasma current.
the

interplay

confinement

among

time

the

depends

However, a complexity arises as a result of

performance
upon

the

parameters,

choice

of

(e.g.,

heating

the

energy

methods / 7 / ) .

Therefore, it is necessary to work with a reactorlike plasma in order to
identify the performance issues in the parameter space that is relevant to a
reactor.
A nuclear
amplifier

/8/.

fusion reactor
In

this

can be modeled

"amplifier"

an

as

external

a power
power

(or energy)
input,

or

a

recirculation of power, is needed to maintain the specific plasma conditions
required for a nuclear reaction to occur (see Fig. 1 ) .
reactor

is characterized

designated as Q.

by the

"power multiplication

The core of the
factor," commonly

The quantity Q is defined as nuclear power output divided

by the heating power input necessary to maintain a steady state. Roughly, Q
is determined by three parameters:

the ion temperature, T^; the electron

Lawson Number, nx E e /9/; and plasma purity /10/. (See Fig. 2.)

Furthermore,

in order to obtain economically a sustained plasma in a reactor, maximum
plasma pressure should be held by a minimum magnetic field, i.e., 0 should
be high.

Generally speaking, it is argued that 3 > 4% is required for a

tokamak reactor /11/.

Figure 3 outlines the present status as well as the

projected values in the quest for higher 0 values.

As for the power sources

with which to increase plasma pressure, there are various possible heating
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#84X0445

PH

/Reactor\P n u C |

Plasma
Confinement
S Sustaining
Systems

Fig. 1

A block diagram of a tokamak reactor.

Plasma confinement and

sustaining

current

systems

include

fueling, and plasma purity
systems

include

power

magnetics,

control systems.

supplies, reactor

drive,
Other

plasma

auxiliary

blanket systems, and

tritium breeding and handling systems.
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2

Qualitative

pictures

of

ho* the power multiplication

factor Q

changes with the ion temperature, plasma purity, and the electron
Lawson number nTE .
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Fig. 3

The operating regions of various tokaraaks in the parameter space
of plasma pressure versus toroidal magnetic field strength with 3
as a parameter.
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schemes.

Currently favored are neutral beam injection and ion cyclotron

heating.

However,

the successful

technical

development

of high

power

sources for ECH and the many unique and desirable physics properties have
made ECH a maturing contender for providing power to maintain a tokamak
reactor plasma.
ECH can be used to initiate a plasma, heat it in a profile-controlled
manner, achieve

eventually

a

reactor

condition,

reactor plasma in a better confined state.
two unique properties of ECH:

and

help maintain

the

All these applications stem from

1 ) localized heating; and 2) selective

perturbation of the electron velocity distribution.

Plasma initiation with

ECH will reduce the required peak plasma voltage (and to a lesser extent,
the initial volt-sec requirement of

the ohmic heating

system) and will

provide a reliable and reproducible start-up target plasma for noninductive
current drive.
reactor /12/.

This is a commonly accepted role for ECH in a tokamak
Furthermore, it is speculated that ECH, when applied to an

INTOR tokamak /13/, could provide the main heating with an efficiency such
that there would be substantial savings in the total power required to reach
ignition.

ECH may provide generation or control of the current distribution

as well as of the pressure gradient in order to achieve MHD stability.

ECH

can also be used to interact with a population of trapped electrons and to
affect the electron velocity distribution in a localized manner in order to
produce a stabilizing effect on tokamaks similar to the effect ECH has in
EBT devices /14/.
In the process of developing a tokamak fusion reactor, the high cost
and the high technology requirements of increasingly larger tokamaks have
made it necessary
/15/.

to consider

three identifiable

stages of development

These stages and the corresponding requirements of ECH are discussed

in Table I.

III.

PHYSICS ISSUES OF ECH IN A TOKAMAK REACTOR
Since for reactor parameters the electron energy confinement time is

longer than the characteristic electron-ion energy equipartition time, it
does not matter whether the initial heating is of the electrons or of the
ions.

Furthermore, if the heating is executed in such a way that the

electron-ion

collision

time

is

longer

than

the

electron

electron-tail

collision time, the electrons will remain in a Maxwellian distribution and,
consequently, bulk heating would be achieved.
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Below, several physics issues

TABLE I .

DEVELOPMENT STAGES OF A TOKAMAK FUSION REACTOR
AND ECH REQUIREMENTS

Scientific
Feasibility
Phase

Engineering
Feasibility
Phase

Commercial
Feasibility
Phase

Power Multiplication
Factor Q

4, 1 -2

>> 1

>> 1

Discharge Duration (sec)

2-5

Duty Cycle

(or

< 1%

Tritium Inventory (g)

> 100

CW

> 50%

cw

10-

Fertile
Material for
Tritium
Breeding

Examples of Devices

Tokamaks From

INTOR,LITE
1970s
TFTR, JET
JT 60, T15

STAP.^IPR

Heating Methods

Neutral Beam
and a Chosen
Major RF

Proven Forms
of RF Plus
Neutral Beam

Choice
Between RF,
Neutral Beam

ECH Sources

60-120 GHz
200 kW unit
> 100 msec

140 GHz
200 kW unit
> 300 msec

> 140 GHz
MW unit
CW

ECH Transmission

Narrow Band
Single-Mode
Guides

Development of
Beam Waveguide

Beam Waveguide in
Windowless
Units

5-20

50-100

ECH Total Power (MW)
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that are relevant to the application of ECH in a tokamak reactor will be
discussed briefly.

A. £ limit of ECH
ECH is most likely to be utilized in a tokamak reactor by launching
electron

cyclotron waves

from

the

low field

side

(the outside).

With

outside launch, the ordinary wode (O-mode) wave at the fundamental resonance
frequency would be used /16/.

The cutoff density for O-mode propagation

(ncf at ai = dipg) imposes a "marginally acceptable constraint" /17/ on the 0
value, i.e., Be I -, _ o £ 0.4 T e ( k e V ) % .
density

is

approached,

strong

However, when the maximum electron

refraction

effects

cyclotron wave from reaching the resonance zone.

prevent

the

electron

This restriction can be

mitigated by using the extraordinary mode (X-mode) wave launched from the
high field side.

With X-mode the cutoff density is increased.

The increase

depends upon the injection angle and may be up to as much as 2 n c ^.

It is

likely, though, that an X-mode launch will be technically difficult in a
reactor environment.

A more practical solution., although still difficult in

terms of power source development, may be to apply power at a higher (Hth)
harmonic.

With the S.th harmonic, the O-mode cutoff density is I

X-mode cutoff

density

is $, (H-1)nc£.

In a

tokamak

n

reactor

cf

and the

single-pass

absorption would remain acceptable high up to the third X-mode harmonic and
up to the second O-mode harmonic.

For harmonics that are yet higher, the

plasma would be optically thin and thus absorb little power with each pass
of the ECH wave energy through the plasma.

However, an experiment, that may

have simulated the existence of such a condition /18/, indicates that ECH
power is eventually absorbed in a localized manner.

The highest electron £5

value permitted for the X-mode £th harmonic heating {I > 1), launched from
the low field side, is S e U _ x

£ 0.4 S.U-1) T e ( k e V >%.

nevertheless, if

higher harmonics are used in a reactor, the development of even shorter
wavelength sources becomes a formidable technological issue, which will be
discussed in Section IV.

B.

Profile modification and its importance for an a-particle heated profile
The technique of using of ECH for temperature profile control has been

a topic of much interest.

When such a technique is used in a reactor

plasma, advantages can be derived from the larger size of the tokamak and
from
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the

shorter

wavelength

of

the

wave

source.

Large

single

pass

absorption results and allows the use of sources at a single frequency,
possibly arranged in a vertical array of launchers.
result

since

manner.

the

different

magnetic

surfaces

profile heating would

are

accessible

in

this

However, refraction effects /19/ may restrict this approach to

higher harmonics.
Temperature profile control can be used to change current channels,
alter the current density profile and the pressure profile, and affect MHD
behavior.

In a D-T reactor, a-particle heating is the dominant heating

mechanism at the plasma center.
electrons.

This results in excessive heating of the

Similar to intensive ohmic heating, this mechanism could produce

MHD instability.

A stable D-T burning condition might have to be maintained

by utilizing a localized heating tool such as ECH.

Space-time-dependent

simulations of density and temperature profiles during a D-T burn exist in
i

the literature /20/.

However, control of the stability of an a-particle

heated reactor plasma remains an important question to be investigated, and
i

one that certainly will become more important for the generation of tokamaks
beyond TFTR.
C.

ECH current drive and other velocity-space interaction
The change of electron velocity distribution in an ECH plasma may

result in toroidal plasma current through modifying

the distribution of

I
trapped electrons /21/ or through changing the collisionality /22/.

The

relativistic shift of the resonance zone further enhances the efficiency of
ECH current drive /23/.

A qualitative simulation of the resulting current

drive based on a weakly relativistic kinetic model /24/ is illustrated in
Fig. 4.

It should be noted that the major contribution to the current comes

from relativistically shifted, resonant electrons when the power is launched
from the inside (high field side) of the tokamak.
Although an inside launcher may prove to be impractical in a reactor,
a polarized
higher

reflector /25/ could be used to change the weakly absorbed

harmonic

wave,

launched

from

propagating toward the plasma center.

the outside,

into

an X-mode

wave

A second reflector, at the outside,

would then change the X-mode wave back into an O-mode wave and the above
process would be iterated through many reflections.

With this arrangement,

the lower absorption of the high harmonic O-mode wave guarantees that the
power is mainly absorbed while in the X-mode phase.
The creation of a highly confined superthermal component of electrons
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Numerical simulation of ECH current drive in terms of Amp/watt
for a normal PDX discharge condition.
small portion

In the example, when a

(1%) of electrons is assumed to he superthermal,

much change in current drive efficiency is observed.

Overlaid

also is a part of the poloidal projection of a ray launched from
the high field side toward the fundamental resonance surface as
shown.
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is essential for the confinement of an EBT plasma.
could exist for tokamak geometry.

A similar arrangement

The superthermal component may take the

form of a slide-away population at specific locations in the plasma or the
form of trapped superthermal electrons at the larger-major-radius side of
the tokamak.

In either case, ECH can be the tool used to excite these

localized superthermal populations as shown in the recent PDX-ECH experiment
/26/.

D.

(See Fig. 5 ) .

Interaction between ECH and other heating methods
There is minimal influence by the plasma edge conditions, when ECH

carries the heating power to the localized resonance region.

In particular,

ECH raises the central electron temperature as long as the density is below
cutoff.

This can provide a better target plasma for NB heating /25/ Csee

Fig. 6) or for ICRF heating.

For example, effective beam heating of ions

requires hot target electrons to reduce the overall drag on the beam.
would then decrease the power loss from electron-ion coupling.
generation of tokamaks, this effect could be very helpful.
what is planned for T-15 /27/.

For the TFTR

Indeed, this is

The importance of high temperature target

electrons was demonstrated clearly by an experiment on PLT /28/.
beam power of 2.4 MW was injected
density

but

different

electron

This

Neutral

into target plasmas that had similar

temperatures.

In

one

case,

the

ion

temperatures reached 6.5 keV; in the other case, the ion temperature barely
reached 4 keV.

This is correlated with high and

temperature as shown in Fig. 7.

low central electron

Nevertheless, for a true tokamak reactor

this effect can only be important in the start-up phase because it is
clearly immaterial which species is heated when the energy confinement time
exceeds the equilibration time.

The localized heating capability of ECH can

also be used to maintain stability in conjunction with other heating methods
in a manner similar to that discussed in Section IV.B.

However, in a true

reactor parameter region, the power input to electrons is equivalent to that
of the ions.

This is because the electrons should come into temperature

equilibrium within the energy confinement time of a reactor plasma.

IV.

ENGINEERING REQUIREMENTS OF ECH IN A TOKA'IAK FACTOR
Millimeter wave power for ECH is provided, at present, by gyrotron

oscillators /29/.

Transmission of the millimeter wave power is achieved

with an oversize circular waveguide /30/. The transmission may include mitre
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A heating result of the PDX-ECH experiments /26/ shows efficient
electron heating of a neutral beam heated target plasma.

The ECH

power is 80 kw for 40 msec, the NB power absorbed by the plasma
is 900 kW for 100 msec and the ohmic power is 400 kW.
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Ion heating in PLT neutral beam heating experiments /28/ with
target plasma of different electron temperatures:
(a) high Te (and low interior radiation);
(b) low Te (and high interior radiation).
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900

bends /31/, curved bends /32/, or specially corrugated components /33/. The
weakest link in millimeter wave generation and transmission seems to occur
at the windows into the machine.

Study of this topic is an ongoing project

/34/.
In future applications of ECH, gyrotron oscillators might be expected
to operate down to- about one millimeter wavelength /35/.
utilization of

free-electron

lasers

In addition, the

(FEL) or free-electron masers

(FEM)

could also be considered for high power and high frequency applications
/36/.

The choice of the millimeter or submillimeter sources for ECH in a

tokamak reactor will depend on the technological development and the ECH
physics findings of the 1980s.
the

interface

between

tubes

Moreover, the transmission system, including
and

waveguides

and between waveguides

tokamak, will be determined partially by the choice of sources.
section,

the

discussion

focuses

first

on

wave

sources,

then

and

In this
on wave

transport, and, finally, on the choice of window, including a tentative
evaluation of window versus windowless systems.

A.

ECH millimeter and submillimeter wave sources
The

breakthrough

in

the

development

producing miIlimeter-wave power was
/37/.

of

gyrotron

first reported

in

oscillators

for

1974 in the USSR

Recently gyrotron outputs were brought up to the 1 MW level pulsed at

100 GHz in the USSR /38/ and 200 kW CW at 60 GHz in the US /39/.

Ongoing

research in gyrotron oscillators has further extended the frequency range up
to 140 GHz /40/ and the design of CW gyrotrons in the near-millimeter wave
region to power levels of the order of 1 MW /41/.
Another potentially high power wave source is indicated by several
experiments.

These utilize FELs in the infrared regime /42/ and FEMs in the

centimeter and millimeter wave regime

/43/. A recent design study /36/

predicts the possibility of FEL or FEM (FEL/M) amplifiers that may produce
CW

output

with

frequencies

in

the

100

GHz

range,

and

higher,

at

multimegawatt power levels, and with total efficiencies comparable to those
of

gyrotrons

/44/.

Thus, the choice

difficult, but nevertheless urgent.

of a future

ECH

source becomes

It is impossible and inappropriate in

this article to attempt a choice based on simple arguments in favor of
either gyrotrons or FEL/M sources.

However, within a decade, such a choice

will determine the practicality of ECH applications in a fusion reactor.
The transmission of power in most present systems requires mode purity
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in the wave source output.

The final conversion to a proper mode at the

antenna also depends upon a pure mode at the source output.
couple efficiently

the ECH wave

power

into the

advantageous to have a particular polarization.

tokamak

In order to

plasma, it

is

The required polarization

is a function of the launch angle and, in general, an elliptical polarized
wave is required.
current.

This requirement may be especially important in driving

In addition, it is sometimes argued that an amplifier, instead of

an oscillator, could be beneficial in controlling the specific phase of the
trapped electrons

and thereby could assist the current drive /45/.

An

amplifier can also be useful to fine tune the electron temperature profile
in a feedback manner.
In terms of producing elliptically polarized waves and operating as
amplifiers, FEL/Ms are, in principle, superior to gyrotrons.

Gyrotrons

operate

difficult

somewhat

poorly

as

an

amplifier

development in obtaining low-n T E o n modes.

/46/

and

require

On the other hand, the output

frequency of a gyrotron is very stable and is mainly a functi on of the
magnetic field at the interacting cavity, while the frequency of an FEL/M is
a strong function of beam voltage.

These facts make a gyrotron a narrow-

band device and an FEL/M a tunable device.

Nevertheless, this may be a

superficial advantage of FEL/M if the beam voltage controls both the tunable
frequency and the power level.
technology

Moreover, gyrotrons use the well-established

of electron guns /47/.

Much of klystron

technology can be

adapted for use with gyrotrons, and the power supplies are conventional
transformer/rectifier AC/DC converters at the 100 kV level.
technological developments in power

FEL/Ms require

supplies as well as in gun designs

before they can be converted from experimental devices into dependable v/ave
power sources.

In summary, the advantage of FEL/Ms over gyrotrons can only

be realized through a major development program similar to the one that was
carried out for gyrotrons.

In the near future, gyrotrons will play the

major role of supplying the power for ECH.

B.

Transport of wave power
Much effort was devoted to microwave transmission systems in the 1950s

and

1960s,

and

this

effort

was

documented

in

the

literature /48/.

Additional work on millimeter wave transmission study was pursued by the
conununications industry /49/ before optical communication systems became the
mainstream research activity.
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The power flux density required by a fusion

reactor is likely, to be in the range of tens to hundreds kW/cm , while the
present

power

flux

density

is about

1 to

10 kW/cm"" for
2

injection and ICRF systems, and 10 to 50 kW/cm
The

major

problems

encountered

in

RF

neutral beam

for LHH and ECH systems.

transmission

are

arcing

in

the

transmission line or waveguides, changes in the waveguide modes, and the
power limitation at the windows.
over

long distances

In this subsection, transport of ECH power

(hundreds of

meters

in a reactor

application) are

examined.
The two most likely possiblities for long-range transmission of ECH
power are through oversize tubular metallic waveguides and through beam
waveguides.

With the various bends suitable for high power application,

oversize waveguides become in practice a narrow-band propagation device.
This is because the bends are usually the only places where mode conversion
can be controlled if the frequency is specified.
waveguide should be a broadband device.
defined

output

modes

suggest

the

On the other hand, a beam

At present, gyrotrons with well-

narrow-band

approach.

experiments have been carried out using this approach /2,3/.

Successful
However, in

the future, beam waveguides are expected to be adapted because of their
flexibility in steering the wave direction and because of their capability
for use with wider frequency bands.

Indeed this approach has been recently

considered for CTR applications /50/.
The appropriate transmission system for ECH is, of course, strongly
determined by the ECH sources.

The output of gyrotrons at high frequency

and high power is likely to occur at a some higher order circular waveguide
mode (TEQn or TEn^ ) or in a gaussian-like mode (from an interactive open
cavity).

However, the circular waveguide modes can be transferred into a

gaussian-like mode /33,51/.
beam.

The output of FEL/Ms is likely to be a gaussian

Tha long distance transport of the gaussian beam wave power can be

accomplished through use of oversize waveguides (with proper inner surface
treatment such as corrugation or dielectric coating) or though use of beam
waveguides /52/.

C.

Choice of window versus windowless systems
The weakest part of an ECH transmission system has been the windows,

both at the gyrotrons and at the tokamak interface.
2

windows is about 10 kW/cm .
these windows

to make

CW power flux at the

Not enough statistics exist for failure of

long-term

predictions.

On

the

other hand, the
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8

Various

issues

associated

with

a

windowless

ECH

(Statements concerning the different issues are separated
symbol • ) .
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syster.
y the

proposal of a windowless ECH system is, in principle, possible and, at 10
mes,

offers

additional

advantages.

In

Fig.

8,

the

schematics

of

a

windowless ECH system are considered.
A

high

power

microwave

transmission

in the

form

of

/52/ may be compatible with the ultra-high pumping needed.

beam

waveguides

It is necessary

to pump differentially at the tokamak interface so as to separate the region
-3
-4
of higher neutral pressure at the plasma edge (~ 10
to 10
Torr in
present day tokamaks) and the region of the various ECR zones (~ 10
10

Torr similar to what is required in a gyrotron).

to

Reliable traps, such

as getters and cryotraps, for tritium and other radioactive materials should
be installed close to the tokamak and made disposable.

V.

CONCLUSION
In summary, ECH has a number of potential applications

reactor.
TFTR

generation of

profile

tokamaks.

modification

pressure
this

in a tokamak

It will be used in the near future to provide preionization in the

in order

regard,

ECH

of

In the future ECH it should play a role in

electron

temperature, plasma

to achieve stability
may

become

a

current,

and better energy

necessary

means

for

and

plasma

confinement.

controlling

the

In
MHD

stability of an a-particle heated reactor plasma.

Eventually, it might be

possible

high-B

to

use

higher

harmonic

ECH

to

achieve

heating

(second

harmonic for a 0 of approximately 8% in a 10 keV plasma and third harmonic
for a B of approximately 2 4 % ) .
The only clear
wave

sources

various

and

liability for ECH is the necessity for development of

compatible

alternatives

are

investment is required.
evolution

of

long-range

transmission

available.

A

systems.
decision

Conceptual
as

well

designs

as

a

of

sizable

Ideaxxy, this should be obtained through a balanced
goals

and

short-rango

needs.

In

the

end,

the

applications of ECH ir. a tokamak reactor will reflect the tenacity of the RF
industry as well as of the fusion community.
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ABSTRACT

The single particle model has been used to describe electron cyclotron resonance heating.

Fielding's

method of calculating the diffusion coefficient

has been simplified and extended to include the effect of finite beam width.
It is shown how this effect and the effect of the rotational transform lead to
a spreading of the resonance over a wider class of particles and how the diffusion coefficient should be averaged over a magnetic surface or surfaces. The
spreading of the resonance due to these effects is expected to increase the
threshold for saturation of the heating to occur.

1.INTRODUCTION
In electron cyclotron resonance heating of large toroidal magnetic confinement
experiments the radiation is launched as a well collimated beam or beams. Provided T g £ lkeV and the density is not too close to the cut-off value the beam
will remain well collimated and the wave-particle interaction will only occur
within this restricted beam region. A flux surface will then only be heated
over part of its area but because of the rapid parallel motion of the electrons
the effect of the heating is generally assumed to be distributed evenly over
the flux surface.

The problem which we consider here is the way in which this

averaging should be carried out and how the effective quasi-linear wave diffusion term is related to that for a homogeneous plasma.
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[2]
In a recent paper, Fidone et al

gave a plausible geometric argument for red-

ucing the velocity diffusion coefficient derived for a homogeneous plasma by
the ratio of the beam area to the flux surface area.

We shall see that this is

valid only when the radius of the flux surface is much larger than the linear
dimensions of the beam aperture.

By considering the behaviour of a particle in

toroidal geometry, we shall develop a more exact method of treating this problem.
2.FLUX SURFACE AVERAGING
We shall follow a similar approach to that adopted by Fielding

but shall

assume a well defined beam in contrast to his assumption of an isotropie background of radiation.

Thus, we consider the motion of a single particle along

a field line which, in the course of its motion passes through a beam of finite
width where it is in cyclotron resonance with the wave.

The wave is considered

as a perturbation to the basic cyclotron motion of the particle.

We shall sim-

plify matters further by assuming that the equilibrium magnetic field is uniform.

This assumption will be relaxed in the next section when we include the

effect of the rotational transform.
The interaction of a single electron with the resonant wave field can be approximated by the following equation
dv
-TT~ = — E ,,(z) exp[-i(d) - Q)t]
L
J
at
m err
(1)
where, for small Larmor radius, the effective electric field E ,, is given by
E

eff
err "

where E_^E -iE , v_ = v -iv
**• x

y

x

y

E

~

+

• a)
"

Ez

and z is the coordinate along B .
—o

We take the effective electric field E -, as
eff
00

E

ff(z)

=

J

err
where the form of E

J

f p(z)

E -_ (k,,) exp(i k.,z) d k
eff

u'

*^

||

c?i

n

(.z;

is determined by the direction of propagation of the

wave, which if it is angled along the magnetic field will give oscillations in
z, and also by the shape of the beam envelope.
On a single transit through the beam the increment in velocity Av

is

where the time integral has been taken over an infinite interval since the finite time of transit through the beam is included through the form of E
stituting equ.(2) into equ.(3) we obtain

. Sub-

exp

ri(o) - Q)

t

Since an individual particle makes a very large number of cyclotron gyrations
between successive passes through the beam we assume that the phases of Av_ are
uncorrelated.

Thus, for n passes through the resonance

(5)
For a non-iational flux surface we assume the field lines are distributed over
the circumference of the minor cross section of the flux surface in proportion
to the field strength.

The number of transits n of a particle through an ele-

ment ds of the minor circumference in a tire t is

r

ilt 1SS_

(6)
The diffusion coefficient is given by <Av.>2/2t so that the contribution to the
diffusion coefficient from the element ds is
1
4

e2 1
J~
, t o - Q i l 2 Bds
v , ' ^ ! 2,tR /Bds
m2 | v . | r e f f l

'

where we have added the variable s to E ff- to express the fact that the wave
amplitude will depend on the position around the minor circumference.

The total

diffusion coefficient averaged over the flux surface is

l £ * 1- -J
2 m 2 Jv I 4iiR

•

• J
J Bds

!

(7)

3.THE EFFECT OF ROTATIONAL TRANSFORM
We now relax the assumption that the magnetic field is uniform.

The particles

sense the inhomogeneity of the magnetic field due to the rotational transform
rather than the finiteness of the Larmor radius.
transform in the same manner as Fielding.

We introduce the rotational

" Over the beam cross section we

represent the small variation in the magnetic field by a linear dependence in
terms of the coordinate along the path of the particle.

Thus 51 is no longer

taken to be constant but instead we have
fi + Q'(z - z )
o
Putting z - z = v,.,t we see that the time integral in equ.(3) is now
CD

/ dt

exp [-i( u - Q - kj-Ot + ifi'v t 2 ]
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with the ± determined by the sign of v,,fi'. This then results in the quantity
|E _.( ) | 2 which occurs in equ.(5) for <Av > being replaced by
e r i vt,
-L
(u - Q- k v )2

exp

i . * i Ka(k.>

t"1

^

3
i

As fi' -»• 0, this expression reduces to our previous r e s u l t .
considerations show that fl" = fir sin 6/(qR)

2

Simple geometrical

where q is the safety factor and

9 is the angle around the minor cross section, (measured from the mid-plane),
where the particle interacts with the beam.

By allowing for the finite width

of the beam and the rotational transform we avoid the singularity which Fielding's result showed for 8 •+ 0.
From the expression above i t can be seen that the effect of the rotational
transform will be unimportant compared with the effect of finite beam width if

where Ak|( is the spectral width in k,,.
LST «

This condition can also be written as

| v|f | /L

where L is the beam dimension.
This condition has the simple interpretation that the rotational transform will
be unimportant when the beam is small enough such that the particle has passed
out of the beam before it has sensed the change in the magnetic field due to the
rotational transform.
4.SOME PROPERTIES AND APPLICATIONS OF THE AVERAGED DIFFUSION COEFFICIENT.
Let us first show how the simple geometrical averaging is included in our general result given in equation (7). We assume a beam whose fields vary as
exp[-(z2+y2)/L ] incident alon.^ the x-axis where we identify the radial direction with x,the poloidal direction with y and z is, of course, the coordinate
in the direction of the equilibrium magnetic field.

For a circular flux sur-

face, whose radius r » L, we have ds ^ dy where the ber^i intersects the flux
surface.

With this form of variation we easily obtain
E

eff

=

~

s
eff

<°>

e

*P «-IA2/4) exp (-y2/L2>

2 /it
where

E

eff(0)

is the value of E

(8)
at the centre of the beam.

Now consider

the group of particles in resonance with the beam where it cuts the flux surface.

Since we are considering a beam at right angles to the magnetic field

for which the central value of the k,, spectrum is zero we obtain from equ.(7)

(neglecting the variation in B around the flux surface),

Apart from numerical factors, which clearly depend on the exact shape of the
beam profile, the above result is identical with one which can be obtained from
^ simple geometric argument.
Let us now estimate the minimum radius at which this simple averaging procedure
breaks down.

If, around the area of interaction of the beam with the flux sur-

face u - £2 = fix/R, then since kj. = (to-fl)/v,.,D will vary as
exp (-L2Q2x2/2R2v 2 )
and the validity of equ.(9) depends on this quantity being close to unity over
the beam aperture.

This, in turn means that the fraction of the major radius

over which the flux surface intersects the beam should be less than R|vjj|/Lfi.
Simple geometrical considerations show that this width is about L2/r, if r » L ,
requiring that
r > L3fi/Rv,,
For L "v 0.1m., Q. ^ 50GH , R ^ lm and v,, ^ 0.1c t h i s l i m i t i s of the o r d e r of
z
10m., implying that the curvature of the flux surface is always likely to be
important.
The implications of this are that the entire effect of the beam on a given flux
surface will not be felt by a single group of resonant particles, but there
will be an extra spreading in velocity space due to the fact that the curvature
of the flux surface causes it to sample different magnetic field strengths
within the beam aperture, thus bringing other particles into resonance.

This

effect will be in addition to the spread in velocity space due to the finite
spectral width of the beam (itself of course related to the beam aperture).
For a very narrow beam the approximations leading to equ.(9) might be valid at
[2]
the plasma edge, but certainly not, as assumed by Fidone et al
down to flux
surface radii comparable to the beam size.
From the above considerations, it is unlikely that the integrand in the numerator of equ.(7) can take its maximum value over the whole range of s within
the beam aperture.

This implies that the resultant spreading of the diffusion

coefficient over a larger region of velocity space will lead to an increase in
the threshold at which saturation of the heating would be expected.
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5.
The central result of this paper is given in equ.(7) which provides a method
of averaging the particle diffusion over a flux surface.

We have shown that

flux surface curvature and finite beam width result in a decrease in the perturbation in any one region of velocity space. Finally, we emphasise that
since we are always dealing with a single point in velocity space, the value
of fi may contain the relativistic mass shift provided we may assume v.. is
constant.

The single particle model could be made to take account of trap-

ped particles but since V|( would then no longer be constant the analysis
would be rather more involved.
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Abstract
The electron distribution function for suprathermal electrons, in a quasistationary state characterized by an applied d.c. electric field and an RF
power, is evaluated using the Gurevich's method.
Introduction
A d.c. electric field E<<E , where E

is the runaway critical field, applied

to a plasma induces two main types of deformation to the electron distribution
function, in the quasistationary state: 1) a Spitzer / 1 / deformation, which is
an odd function of the component vn of the velocity along the electric field,
in the thermal and slightly suprathermal region, determined by the condition
1/4
v/v., ^ (E /E)
; and 2) a deformation localized around th direction of the
electric force for
(Ec/E)'l/A « V / V ^ < ( E ^ ) 1 7 2

(1)

as shown by Gurevich / 2 / .
EC waves, applied to the plasma for electron heating and current drive, interact with the resonant electrons and make them diffuse in the velocity space,
perpendicularly to the magnetic field. When the resonant region is not far
from that determined by the condition ( 1 ), we expect that a considerable modification of the electron distribution with respect to the Gurevich distribution
is likely to occur, causing also, as a consequence, a variation of runaway generation. The problem of the influence of runaways on EC current drive has been
investigated numerically by Appert et al. /3/, who found an enhancement of the
runaway production rate by a factor 3 with respect to the rate in the presence
of lower hybrid waves. The authors observe that this strong enhancement is due
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to the fact that the quasilinear diffusion tends to keep the electrons m

the

resonant region and, as a consequence, can easily make them to overcome the
critical velocity. We note that the complete relativistic resonant regions are
bounded in the velocity space, differing in this respect from the classical regions v[, = const., considered in Ref. / 3 / . Then we argue that the enhancement
of runaway production rate should be lowered with respect to the estimate of
Ref. /3/, when relativistic regions are considered.
Here, to give a rough idea of the effect of the applied RF on the suprathermal electrons, we consider the quasistationary case in the presence of a d.c.
electric field and of ordinary waves with frequencies close to the EC frequency and assume that the quasilinear term due to the applied RF waves is small
with respect to the electric field term.
The relevant equation is

1/2
where: e
a

2

1/2

= u = v/v , , x = n~1> n = "j, /v, v ^ = (2T /m )
e/

= eE/(m e v t h v ^=E/E c , D Q = D/(v t h v

e/e

e

), v /

e

,

4

= 47re nA/(m 2 ^ 3 ), E is the

applied electric field and D is a quantity which is proportional to the energy
density of the EC waves; we have assumed that the EC waves are injected almost
perpendicularly to the external magnetic field, with a frequency spread and a
fixed k, so that the velocities of the remnant particles.given by
tu - k,(vn- £2(1 - v 2 /c 2 ) 1 / 2 = 0, lie in the range v/Vfch «

(E c /E) 1 / 2 .

Analysis of the relevant equation
Following the same procedure used by Gurevich /2/, we look for solutions
which have an exponential character
f (e,x) ~ C exp{(j)(e,x)}
and, assuming that the effect of the d.c. field is stronger than that due to
EC diffusion, i.e.
a2 »

1 »

D Q a, a 4 = (E/E c ) 2 ,

(3)

which are mainly concentrated in the region n ^ 1 (x ^ 0 ).
In this case we can expand the function $(e,x) in powers of x
<f>(e,x) = <f> (E) + X(J>1 (e) + x <fu(e) + ...
and obtain the equations relevant to the coefficients <j> and $,, assuming <t>2=0:

4 2
O
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i

O

f2
I

,2+1 a 2
,,2
,2
,
.„ , ,,, , ,Z+1 a 2
(>" = (—~
• + D )ij>, + (ya - or2D y ~4Doyip-|)<Po + (~2—TT
-

(5)

2a4<()(!) + a 2 d - y) + 6DQy L ^ + 4Doy2<f)^ + 4DQy' TQ

where the new variable y = a e has been introduced and the derivatives are
performed with respect to y.
Expanding rha functions ij> and $ 1 in the small parameter a , it is possible
to find solutions of the kind

<t>1 = $1
where the superscript denotes the order in a; we obtain
^-2) (y) = - y/ a 2 + y 2 /(2a 2 l

*M>(y}

=

(6)

.(211)1/2.1.^^ G ( t ) / ( i - t ) V 2

{7)

, H ) ( y ) = (-2_)V2 .l!yV
wh^e

G(y ,

= (1 - 4 D o y/a 4 + 4 D o y 2 / a 4 ) 1 / 2 ;

(9)

we note that if D = 0, G(y) = 1 and we obtain the Gurevich's solution. In
o
y/2
this case, too, the solution turns to be valid up to v ^ v = v ^ ( E /E)
The electron distribution function is given by
f(y,n) = C e x p { ^ " 2 ) (y) + <t.^1) (y) - (1-n) •<J>1M) (y) K
Since the diffusion coefficient D

(10)

is different from zero only in a limited

region of the velocity space, the solution of the Eq. (2) is given by the
Exp. (10) in the resonant region, and by the Gurevich's solution (D =0) outside
this zone. We have matched the solutions at the boundaries of the resonant region, requiring that the distribution function has to be continuous on these
lines.
In Fig.1 the solution given by (10) is plotted for a resonant region which
is located between u 1 = 2 and u_ = 3 (a), and between u 1 = 3 and u ? = 4 (b) ;
the chosen parameters are a = E/E = 0 . 0 3 , D / a

= 1 and, consequently,

v ^ v ^ = 5.7; we see that the distribution function turns to be slightly modified also in the region u_ < u < v/v.. where no turbulence is accing.
We have not computed the runaway generation rate, but looking at the exponential form of the distribution function, we can argue that the ratio betvvBen
the generation rate r
Gurevich I\, is:

in the presence of EC waves and the rate found by

(ID

10

2.5

3.5

u=v/v

Fig. 1 - The function f (u,n=1}/C is plotted vs u for two
different position of the resonant region: a) u,.=2, u?=3
and b) u.=3, u 2 = 4 ;
2

va

l u e s of the parameters are

4

a =0.03, D Q /a =1, z=1. The Gurevich's function (c) has
been also plotted for comparison.
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th

In the case D /a = 1, Z = 1, the integral which appears in (11) becomes
/

dt (1 - |i-"h|)/(1-t)

and y is easily computed for the different posi-

tions of the resonant region: y^ < Y2

<

°« 5 ' Yi < °- 5

<

^2' °" 5

< y

1

<Y

2;

the Pig. 2 shows the behaviour of y as a function of S = (u.+u-)/^, that is
of the location of the resonant zone; the influence of the presence of the EC
waves becomes more evident in the suprathermal region.

Fig. 2 - The quantity y is plotted vs. u, for two values of the width of the resonant region Au = u_-u1 : a) Au = 0.5 and b) Au = 1 ;
the values of the parameters are D /a4= 1, a 2= 0.03, Z = 1.
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ECRH EXPERIMENTS ON THE W VII-A STELLARATOR
R. WILHELM, V. ERCKMANN, G. JANZEN, G. MULLER, P.G. SCHULLER,
K. SCHWÒRER, M. THUMM, W VII-A TEAM*
Institut fur Plasmaforschung der Universitat Stuttgart, D-7000 Stuttgart 80,
Fed. Rep. of Germany
*Max-Planck-lnstitut fur Plasmaphysik, EURA TOM-Association, D-8046 Garching,
Fed. Rep of Germany

ABSTRACT:
Plasma build-up and heating of a "currentless" plasma by means of ECR wave irradiation were studied at the Garching W VII-A stellarator. The experiments
were performed at 28 GHz with~200 kW RF power and a pulse duration of &40 ms.
In a first step the gyrotron radiation (mainly TEQ2 mode corresponding to a
50 % 0-mode and 50 % X-mode mixture) was launched directly into the plasma
from the low field side. In a second step the radiation was converted into the
almost_ linearly polarized TE-] i iu^de and irradiated in 0-mode orientation
(E 1/ B o , k_L B o ) into the torus. The nonabsorbed part of the RF power was reflected into the plasma in the X-mode by a focussing polarization twist reflector mounted to the inner torus wall.
As a main result the heating efficiency has been slightly improved by the transition from "simple" to "advanced" wave launching ( up to 50 % instead of
~ 40 % ) . The central electron temperatures were remarkably increased from
—• 700 eV to 1200 eV due to the well localized 0-mode absorption of the T E ^
beam, however. The X-mode from the mirror on the othar hand does not contribute
to the total plasma energy as expected. This is explained by a local absorption
of the arising Bernstein waves due to a macroscopically turbulent behaviour of
the plasma in the outer regions. Possibly as a result of wave decay into lower
hybrid waves pronounced ion tail heating was observed.
For both kinds of wave irradiation toroidal plasma currents were generated. This
seems to be caused by asymmetrically confined co- and counter-streaming fast,
electrons.
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W VII-A Team:D. Dorst, A. Eisner, G. Grieger, P. Grigull, H. Hacker,
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1.

INTRODUCTION

For the last few years electron cyclotron wave heating (ECRH) has been successfully applied to several magnetically confined fusion systems. ECRH is of particular interest for stellarators, where neutral gas breakdown and subsequent heating of a "currentless" stellarator plasma can be provided. At the Garching stellarator W VII-A /I/ ECRH experiments were started to develop the optimum system for the goals mentioned above. In a first step and as a reference point the
mode mixture of a 28 GHz/200 kW gyrotron was radiated directly into the torus.
The mode composition of the gyrotron ( r~> 80 % T E Q 2 and minor fractions of TE01
and TE03) was conserved by an optimized bend in this case. In a second, improved
version of the transmission line system, the radiation was converted into the
almost linearly polarized TE}} mode and launched in 0-mode direction into the
plasma. In the following chapters the technical setup and the physical results
of both kinds of wave launching will be discussed and compared.

2.

RF TRANSMISSION AND LAUNCHING SYSTEM

The transmission line system between the gyrotron and the antenna inside the
W VII A torus is shown in Fig. 1a for the "simple" and in Fig. 1b for the improved version of irradiation. The transmission line and its basic components

I

(b)

irradiation

(a) TE Q 2 irradiation
* TEn- corrugated
90'bend

TE r a - directional coupler
TEft] - directional coupler
TEQI - directional coupfer
4 hoti cross coupler
mode pattern analyzer [thermal paper)
omsotrofMC I M U mode filler
bellows
arc wleclor.N,-inlet.HF-monitor

fl

gyrotron, 28GHz.200kW.iOms

<S4

Fig. 1:
Setup of the 28 GHz
transmission line system
for W VII-A.

are described in detail in /2/. A short summary only will be given here: The
28 GHz gyrotron mainly emits the T E Q 2 mode (~ 80 %) with smaller fractions of

TE,01 ( A . 7 %) , T E 0 3 (

and other modes. A 90°-deflection is performed by

a corrugated bend with sinusoidal curvature distribution. The bend is optimized
for TEo2 transmission and has a measured (conversion and ohmic) loss of about
1-2 %. The T E ^ mode in the "advanced" system is produced by mode converters in
the steps

2, T E o n -¥ TEQJ and TEQI -> T E ^ using the techniques of periodic

wall perturbations /3,4/. A third converter for the almost perfectly polarized
HE^-j mode meanwhile has been added and successfully tested at full power. The
highly efficient RF components, developed at the IPF Stuttgart, provide an overall efficiency of the whole transmission line of about 90 % of the polarized
mode appearing at the torus input.
The resulting power distribution was analyzed by thermographic papers inserted
into the waveguide at selected positions in front of or behind converters.
Fig.

2 shows the four typical structures of the TEQ2,TEQ-| ,TEI -J ,HEI I modes at full

power of about 200 kW at the waveguide exit. In the last two figures small deviations from the ideal power distribution patterns (e.g. elliptic for T E ^ and
circular for H E - M ) can be seen. This can be explained by small fractions of

TE 02

TE01

TE,

HE,

Fig. 2:
Mode conversion TE02 "**TEoi -»-TEii
* H E n measured by thermographic
paper mode p a t t e r n analyzer.

othar modes present in the waveguide. The wave irradiated into the torus in
O-mode orientation is reflected by a polarization twist reflector mounted at
the inner torus wall towards the antenna in X-mode orientation. A perfect rotation of the polarization plane is achieved by X/4-groves in the surface of
the stainless steel mirror /5,6/. The spherical surface (R = 230 mm) focusses
the incident divergent radiation on the central plasma region. Three small
coupling holes in the mirror surface allow an optimum adjustment

of the an-

tenna pattern and allow the analysis of power absorption and deflection during
plasma operation /6/.
Especially in the case of the "advanced" system, full power operation of the
gyrotron was seriously affected by reflections from the torus. In order to
avoid arcing in critical waveguide sections (e.g. torus window, bellows, mode
converters, bend) or to avoid internal gyrotron failures a power reduction to
the 100-150 kW level was necessary, A new type of mode filter, inserted into
the waveguide system, selectively removed the disturbing modes, again allowing
full power operation of the gyrotron (P__ -v 200 kW at the torus) .
RF
3.

EXPERIMENTS WITH TE Q2 LAUNCHING

The TEQ2 wave launching system in the f i r s t ECRH experiments r e s u l t s in a
f a i r l y d i v e r g e n t , double coned r a d i a t i o n p a t t e r n as shown in F i g . 3 . The c i r -

IBU CONST

HELICAL WINDINGS

OPEN-ENDED
/CIRCULAR WAVEGUIDE

HOLLOW RF-BEAM
(TE02-MODE)

UPPER HYBRID
RESONANCE LAYER

MAGNETIC
SURFACES

X-MODE CUTOFF LAYER

Fig. 3: Microwave antenna and TEo2~beam with stellarator plasma configuration.
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cular symmetric field corresponds to a

50 % 0-mode and 50 % X-mode mixture,

where the X-mode fraction is reflected by the X-mode cutoff layer. Results of
this kind of wave launching are discussed in /7/and will be summarized briefly:
A stellarator plasma with reasonable parameters was generated from the neutral
gas background (deuterium, hydrogen) in the case of a well centered resonance
zone. With an incident microwave power of about 170 kW and with an optimum
<t -value (•£ = o.65) T e = 700 - 800 eV and Ti ~ 170 eV were achieved at den1 8 —3
19 —3
sities close to the cutoff value (n e o ** 7-10 m

, ne(cutoff) = 10 m

).

Variation of RF power ?„„, plasma density n e , and rotational tranform -6 in combination with 1-D transport calculations led to informations about plasma confinement. As a result it was concluded that the central part of the plasma
column behaves
2 3 neoclassically, whereas anomalous losses in the form
/vI3X1°<-1/n6 -T6 / may be present in the outside regions. The measured radiation
losses remained modest ("^ 6 kW in hydrogen and ~ 13 kW in deuterium).
As an interesting parameter the heating efficiency 1) = P , /P

was deter-

mined from the global power balance equation dW/dt + W / 1 ' = I^-P^p by means
of fast power variation, using the diamagnetic signal for the energy value W,
1fi— 3
In the parameter range T = 400-800 eV, T.a 150-170 eV, n
= 3-8-10 m
an
almost constant efficiency of about 40 % could be evaluated. The incident divergent RF beam orginating from the T E Q 2 mode in combination with the tilted,
elliptically shaped plasma

causes small reflections into the waveguide

system. It is supposed that a larger part of the transmitted power might be
absorbed outside the closed magnetic surfaces, which for W VII-A cover only a
small part of the vessel

cross section (F ,

/F

plasma

~ 0.3).
vessel

During the RF pulse an almost linearly growing toroidal current could be observed which reached currents of up to 700 A at the end of the 40 ms RF pulse.
The current generation can be explained by asymmetrically confined fast electrons drifting in co- and counter direction /7,8/.

4.

EXPERIMENTS WITH POLARIZED WAVE IRRADIATION

Afte1' insertion of the specific RF components (mode converters, tapers, mode
selective filters) the ECRH experiments were continued with the TE., mode with
an R7 power of 170-190 kW appearing at the torus input. About 90 % of this
powct was radiated into the plasma in 0-mode orientation in a narrow shaped
beam as rhown in Fig. 4. The nonabsorbed 0-mode fraction reflected from the

87

IBI «CONST.

HELICAL WINDINGS
LINEAR POLARIZED
RF-BEAM
(TE,,-MODE)

POLARIZATION
TWIST-REFLECTOR
WITH

PEN-ENDED
CIRCULAR WAVEGUIDE

INTEGRATED
RF-COUPLING
HOLES

UPPER HYBRID
RESONANCE LAYER
MAGNETIC
SURFACES
Fig. 4:

X-MODE CUTOFF LAYER

irradiation in O-mode polarization.

polarization rotating mirror as X-mode should then be converted at the upper
hybrid resonance layer into electron Bernstein waves. These electrostatic waves
should be absorbed completely already at very low temperatures ( ~eV-range),
thus improving the overall heating efficiency. This new type of operation resulted in only a modest increase of the heating efficiency, however. On the
other hand the central electron temperatures could be raised remarkably at similar operating conditions (plasma density, RF power, -fc -value). The temperature
profile wasnowpeaked in the axis; Fig. 5 compares the results of the "simple"
and the "advanced" irradiation. Maximum T -values of about 1200 eV (at reduced

TE02 (Teo~75OeV)

-10

10 rlcml

5: Normalized temperature profiles for TEQ2 and

wave irradiation.

density 'viSOO eV) were achieved. The peaked Te~profile again can be fitted by
numerical 1-D transport calculations, if central power deposition is assumed.
From the measured incident power distribution on the twist reflector it is concluded that the absorbed fraction agrees well with single path O-mode absorption /9/. As a consequence the anticipated heating scheme via X-mode and
Bernstein wave absorption does not contribute remarkably to bulk plasma heating.
Possible reasons for that can only be supposed at the moment: Strong fluctuations of the reflected power, measured in the waveguide by directional couplers,
indicate a turbulent structure of the outside plasma region around upper hybrid
and X-mode cutoff sheath. This may cause a scattering of the k-spectrum of the
arising Bernstein waves and - due to larger krvalues - a local power deposition around the conversion zone. This assumption is supported by spatially resolved ECE measurements at 2 CO

. The outermost channel, which covers the upper

hybrid sheath, shows suprathermal radiation with the same kind of fluctuations
in the 1 to 10 kHz range. The reason for this turbulent outer layer is not yet
clear. It might be a peculiarity of the stellarator plasma itself or - at least
to some extend - may be caused by the highly concentrated X-mode irradiation.
As a further result,

pronounced ion heating could be observed for the new kind

of irradiation; this is obviously related to high power X-mode irradiation on
the upper hybrid sheath. The information of an ion tail with - formally - a temperature of 500 eV can be deduced from the CX-spectra in case of higher rotational transform ( JC = 0.46, 0.63). According to the spectra shown in Fig. 6,

3
E[keV|

Fig. 6:
CX-spectra showing fast ion t a i l
formation at strong X-mode i r r a diation.
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the high energetic tail contains only a few percent of the ion energy, whereas
the bulk temperature (150 eV) stays at the previous values. At low <£ -values
( <£ = 0 . 1 7 ) the fast ion population is missing; this may

be due to the poor

fast ion confinement for these conditions.
The occurence of the high energy ions furthermore is correlated with strong
X-mode production from the mirror (measured by the coupling holes /9/) and can
be explained by wave decay, possibly into lower hybrid waves /10/. Physical details like k and CO -spectra of the supposed decay waves and the threshold
power density are under investigation.
Toroidal net currents of similar magnitude as observed in the previous experiments are generated in the case of the small aperture TE. mode irradiation
with k J_ B^jtoo. The current rise is correlated to the plasma confinement, as
to be seen in Figs. 7a and b. In both cases the slope of the current trace
starts together with the fast increase of the plasma energy about 5 ms after
the onset of the RF pulse. In the first case (Fig. 7a) the resulting •if

=

-Vextern
.
+ K,current. is kept
constant at an optimum
value J
by a suitable reducr
r

Plaima Currant

500*

Plasma Energy

50 Wa

*"tof ( a l

ftxttrn(a)

.timi)

RF start
(a)

(b)

Time behaviour of toroidal
p i a s ma current and plasma
energy for
(a) controlled, constant *Ctot
(good confinement)
(b) uncontrolled, slightly increasing •£t o t
(bad confinement).

tion

of the external -£ -value. The result is a continuous current rise of

about 30-35 kA/s'during the whole RF pulse. In the second case (Fig. 7b) the
external JC is kept constant; with increasing plasma current the total % -value
approaches the value, where the plasma confinement breaks down. At the critical
limit of this value, generation and losses of the current carrying electrons
come into .in equilibrium and the current remains constant. In both figures one
recognizes that even small variations of the plasma confinement (indicated by
variations of the plasma energy) affect the current rise. The observations
mentioned support the model of accumulation or loss

of drifting electrons,

respectively. The influence of the generated net current on the stellarator
confinement is discussed in /11/ in detail.
The following table

summarizes the results obtained

so far and compares both

kinds of wave launching.

TE

Incident wave
Typical beam divergence

02

50 % 0-mode, 50 % X-mode

no

Typical power

160-180 kW

Plasma parameters

T

yes
160-190 kW
~1200 eV
<v 150 eV

n

= 6-7-10 is

= 5-6-101V3

«v 120 Ws

•— 160 Ws

eo
1

Pl

~ 40 %

Radiation losses

5-10 kW

Absorption profile

broad

Absorption mechanism

90 % 0-mode, 10 % X-mode

~700 eV
eo
T. ~ 150 eV

W
Heating efficiency

11

~5°

^20°

X-mode from high field side

TE

0-mode + quasi-X-mode
(oblique angle)

~ 50 %
(30 % at lower temperature)
5-10 kW
narrow
0-mode
(Rernstein wave absorption in edge region ?)

Decay waves, ion heating

no

yes

Current drive

yes

yes

TABLE 1 : Main results for "simple" T E Q 2 and ''advanced"

wave launching.
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5.

CONCLUSION

Plasma build-up and heating by ECR-wave irradiation has been studied at the
W VII-A stellarator for two kinds of wave launching: Direct radiation of the
gyrotron modes (mainly TE0_ mode) and "advanced" wave launching (TEii mode in
O-mode orientation and reflection as X-mode from the inner torus wall) lead to
reasonable plasma parameters. In the first case electron temperatures around
700 eV were achieved, whereas the central temperature nearly could be doubled
(T <v 1200 eV) for the small aperture polarized wave. In both cases, the
heating efficiency was nearly the same ( A/ 40 1 and 50 % respectively), however.
The only modest increase of the overall absorption is explained by the rather
peaked temperature profiles in a cross section, which is small anyway
(<a^<v0.09 m ) . A large part of the incident O-mode passes the hot core and is
focusses and reflected as X-mode. This part, however, does not contribute to the
plasma energy via Bernstein mode conversion and absorption as expected. The reason seems to be the turbulent structure of the outer plasma region around the
upper hybrid zone. The arising electrostatic waves might be directly absorbed
in the turbulent zone generating badly confined fast electrons as indicated by
ECE-measurements. In connection with the high power X-modo irradiation a high
energetic ion tail was observed, possibly caused by wave decay into lower hybrid waves.
In all ECRH experiments, also for the almost perpendicular TE

irradiation,

a toroidal plasma current was generated. At optimum confinement this current
increased linearly with time with a maximum slope of 30-35 kA/s.
In summary it can be concluded that a narrow, linearly polarized beam leads to
an 0-mode heating efficiency, which well agrees with theory. As a consequence
an almost complete wave absorption should be achievable in the future ECRH
applications at W VII-AS at higher frequency (70 GHz) and larger dimensions
/12/. For improvement of the initial, low temperature phase of the discharge,
however, it seems to be more convenient to reflect and scatter the non-absorbed
wave into directions
X-mode with
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k X

k || !
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o

rather than reflecting the wave in the f>cussed
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APPLICATION OF A POLARIZATION TWIST REFLECTOR IN
ECRH EXPERIMENTS
P.G. SCHULLER, V. ERCKMANN, G. JANZEN, G. MULLER, E. RÀUCHLE,
M. THUMM, R. WILHELM
Institut fiir Plasmaforschung Università t Stuttgart, Fed. Rep. of Germany

ABSTRACT
ECRH experiments on the W VI1-A stellarator use the linearly polarized TE-| \
wave which is radiated from the low field side ^nto the torus in O-mode polarization. The electric field vector of the nonabsorbed fraction of the wave is
rotated by 90° by a spherical polarization twist reflector. The reflected wave
is then in X-raode polarization and suited to study plasma heating by mode conversion into electron Bernstein waves. The reflected beam is focussed so that
a high local power concentration can be achieved. The twist reflector, mounted
to the inner torus wall, is provided with three coupling holes. Their signals
allow the adjustment and control of the antenna beam pattern and they provide
information on the deflection and absorption of the wave during plasma build-up.

1. INTRODUCTION
The use of electron cyclotron resonance heating (ECRH) has become particularly
interesting since high power generators at frequencies of up to lOOGHz are available. Especially for stellarators ECRH is desirable because it allows plasma buildup and heating

without an ohmic heating phase. In the W VII-A stellarator ex-

periment tne linearly polarized TE., wave is launched from the outside (low
field side) of the torus in the ordinary (0) mode polarization (E || B ) . The
0-mode is effectively absorbed only by a "warm" plasma (T «s 1 keV).Plasmas with

or,

lower temperatures are translucent so that a fraction of the radiated RF beam
hits the inner torus wall where a polarization twist reflector is installed.
This reflector turns the orientation of the electric field vector by 90° thus
reflecting the wave in the extraordinary (X) mode polarization from the high
field side into the plasma. The X-mode wave should already be absorbed by the
cold plasma because the X-wave is converted into a strongly damped electron
Bernstein wave at the upper hybrid layer. This mode, however, cannot be radiated
into the plasma from the low field side because it first hits a cutoff.

The

method of turning the polarization plane by a reflector was also applied to the
experiments in the PDX tokamak /1/.

2. WAVE LAUNCHING
The gyrotron (Varian VGA 8050-A, 28 GHz, 200 kW, 40 ms) output mode mixture is
converted by special waveguide components into the linearly polarized TE. wave
HI which is radiated into the W VII-A torus from the low field side in 0-mode

0-mode

X-mode

0.3 X

Fig.
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1 : Schematic of

the polarization twist reflector

polarization. The fraction of the wave which does not suffer single pass absorption reaches a spherical reflector with a corrugated surface. The reflector
has a diameter of 170 mm and is made from stainless steel, the grooves and the
surface (depth ~-X/4, width and distance ^0.3 X) are oriented at an angle of 0=
45° to the incident electric field vector /3/ so that the direction of the reflected electric field vector is rotated by 90°. This is shown in Fig. 1. The
reflected wave in X-mode polarization propagates now from the high field side
towards the absorption layer. The spherical shape of the reflector surface focusses the reflected beam, so that high local power concentrations can be achieved. The measured efficiency of the rotation from 0- to X-mode polarization
versus angle 8 (angle between the grooves and the incident electric field vector)
is shown in Fig. 2. The reflector is provided with three coupling holes on the
bottom of the grooves: one at the centre of the reflector and two at the upper

90° e
Fig. 2: Fraction of power in turned polarization from 0- into
X-mode versus 6, the angle between the grooves and the
incident electric field vector.
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and lower rim. The signals of these holes allow an adjustment of the antenna
beam pattern without plasma into the optimal symmetry position. The reflector
installed in W VII-A is shown in Fig. 3.

3.

RESULTS

The signals monitored during the plasma shots give a qualitative information on
absorption and/or deflection of the radiated beam. Fig. 4 shows power density
impinging on the reflector and line density of the plasma as function of time
for a typical discharge. It can be seen that the non-absorbed fraction of the
beam in O-mode polarization is correlated to the plasma density, which in its
turn is correlated to the degree of absorption of the RF beam. This assumption
can be made because electron temperature derived from the total plasma energy
under these conditions was approximately constant.

The same results are found for experiments under conditions where the electron
temperature is changing with time while the plasma density is nearly constant.
This can be seen in Fig. 5, where the measured fraction of the non-absorbed RF
power penetrating through the plasma centre(power P.

incident on the reflec-

tor), decreases with increasing plasma temperature. For these conditions the
12 —3
central electron density was constant: n =4-10 cm . This is an experimental
confirmation

of a growth of the electron temperature by O-mode absorption.

Because deflection and absorption cause the same reduction of the RF signal
these two effects have to be separated. First the heating efficiency for averaged O-mode absorption was calculated Ih/. Fig. 6 shows the calculated efficiency ^ = P , /P (P
density n

= absorbed power, P = radiated power) as function of

in the plasma centre for T = 800 eV. The experimental values

Y[ = 1-F^ /P for the central beam are also marked in this figure, showing an
almost linear increase of absorption with rising density. A ray tracing code
was developed for stellarator applications /5/. The calculations show that for
densities of up to 7"10 cm

decreasing fractions of the beam reach the reflec-

tor. At the same time deflection is increased, so that for densities n §
e
12 —3
8-10 cm no direct ray reaches the reflector. This can also clearly be seen
in Fig. 7, where the traces of the central ray and two outer rays, approximately
containing the full radiated power, are shown. Fig. 7a gives the rays for a
19 —3
central plasma density of n
= 3-10 cm , where all the power illuminates the
reflector; Fig. 7b shows the situation for a density of n
n
= 7*10 cm , where
eo
eo
'

98

Lirix.ciL i o n
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W Vll-A.

100 rlmm]

Fig. 4: a) Time dependent line density for a typical discharge
b) Evaluated ratio of power incident on the reflector
and radiated power for three marked points in time
with different densities at constant electron temperature

{without .
meas. T * . 1L
} plasma
${th
/
calculated far field pattern
for TEU mode without plasma
Teo=0.4keV
Teo=1.0keV

reflector edge

-1

+ri00

r[mm]

Fig. 5: Ratio of incident power to radiated power for different
electron temperatures at constant- central density
= 4-1012cm.
n

WO

deflexion

p
H=1 —s 22 - measured x
ray tracing calculations
(Te=800eV)
.calculated averaged
absorption [Te = 800eVl
cutoff density
for 28GHz

10

neo [1012cm"3l

Fig. 6: Efficiency ^ of the absorbed power versus central plasma
density n e o ,

polarization
twist
reflector

open-ended
circular
waveguide

(a)n w =3-10 n cnf* Teo=800eV

polarization
twist
reflector

open-ended
circular
waveguide

(b) nw=710'2cnf3. Teo=800eV

Fig. 7: Ray tracing calculations for two plasma densities:
a) n e o = 3• 101 2Cij;3. case of absorption
b) n e o = 7• 1 01 2ctn3; case of strong deflection
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only a small fraction of the power from the lower part of the radiated beam
reaches the reflector while most of the beam is deflected into other directions.
The small power monitored by the coupling holes now is therefore not caused by
absorption but by deflection.

Results derived from the monitor signals at higher densities have to be analysed carefully because the reflector becomes increasingly inefficient.

4. CONCLUSION
The use of O-and X-mode absorption in ECRH is simultaneously possible by radiating an 0-ipode wave from the low field side into the torus and changing its
polarization into an X-mode wave by a polarization twist reflector at the inner
torus wall. A qualitative description of wave absorption and beam deflection
can be derived from the signals of three coupling holes in the reflector. The
experimental results are compared with analytical calculations of the heating
efficiency and with ray tracing calculations. It is shown, that for central
12 -3
densities n ^ 8*10 cm
beam deflection is the dominant process: no RF power
from the antenna reaches the reflector any more; therefore the

polarization

twist reflector becomes increasingly inefficient at higher densities.
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QUASI-OPTICAL TECHNIQUES FOR ECRH
K. AUDENAERDE, J. BEYER, R. VERNON
Department of Electrical and Computer Engineering, University of Wi^onsin-Madison
Madison, WI 53706

Abstract:
We present the status of research at Wisconsin on quasi-optical launchers
for

ECRH.

theoretically.

Wengenroth's

mode transducing

antenna

has

been

investigated

Agreement with experiments using TEg-^ excitation is excellent,

and the theory has been expanded to include TE02 and

TEQ3

excitation as w e l l .

A system incorporating such and similar mode transducing antennas with a
Cassegrain system w i l l combine the output of various gyrotrons.
test

this and similar

concepts is

being b u i l t

A device to

and has been preliminarily

tested for mode p u r i t y .

The research e f f o r t on quasi-optical techniques at Wisconsin is based on
the desire the reduce transmission losses, avoid arcing and combine the output
power of a number of gyrotrons.

The l a t t e r is j u s t i f i e d by the need for power

levels of tens of megawatt as indicated by mirror design studies.
We theoretically

investigated^)

a combination of a 25° conical

horn

excited by a TEQ^ mode in a circular waveguide, a stepped twist reflector and
an offset, paraboloidal reflector.

A device of this type was f i r s t proposed

w;s

and experimentally investigated by Wengenroth.(2)

The stepped twist reflector

produces nearly linear polarization and the paraboloidal reflector focusses
the radiated power in a pencil beam.

We analysed this device theoretically

and extended its application to T E Q 2 and T E Q 3 excitation.
The far field pattern in the E-plane for the complete system is
g( u ) = / ° J _ j (k | ) . j (us) • (r'-l)sds
U
0
/ ? l U1 K0
k

o

°8

+ / — — J,(k m / ) • J.(us) • (r'-i)sds
4
0 15/7 L U i K 0
k

o

/

—^r-

0

35/2

J

i(km

U1

TT> '

0

J

R(US)
D

'

(r'+l)sds

A similar expression is found for the H-plane pattern.

In this

equation

u = 23f sin4> where B is the vacuum propagation constant and <>
t is the azimuthal
angle in the aperture plane

(yQ.ZQ); kg = tan aQ with 2aQ being the flare

angle of the cone; s = r/2f where r describes

the radial

position

in the

aperture plane and f is the focal length of the parabola; kg^ is the f i r s t
zero of the Bessel function J j and r 1 is the E-mode reflection coefficient of
the grating r e f l e c t o r .
A comparison
agreement.

with

The geometry of the system i s i l l u s t r a t e d i n Figure 1 .
Wengenroth's

Excitation with the

TEQJ

experimental

results

shows

mode shows some difference between the

beamwidth in the E-plane and the H-plane (1.8 vs. 1.6 degrees).
TEQ3

the patterns

are practically

excellent

indistinguishable,

For TEQ2 and

indicating

that the

illumination pattern w i l l be independent of the polarization direction.
A system l i k e the one described above can be used to convert the output
of a gyrotron to the desired mode after which a number of gyrotron outputs can
be combined by means of a Cassegrain-like system.(^
An experimental program has been i n i t i a t e d to test the v i a b i l i t y of this
and related systems.

A Gunn-diode is used as a low power 60 GHz source-

Corrugated step-twist

reflectors

as well

as more common converters, i . e .

waveguides with periodic perturbations In radial or azimuthal (the so-called
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\
'PARABOLOIDAL
REFLECTOR

Fig.K

Geometry

of

Mode Transducing Antenna

"snakes") d i r e c t i o n , as well as those with wall corrugations of variable depth
w i l l be investigated and a low power Cassegrain-focusing system w i l l be b u i l t .
The Gunn diode feeds, in addition to standard microwave components, a
rectangular-to-circular
0-188 inch diameter
according
diameter.

to

waveguide transition

circular

a profile

The taper

waveguide.

designed

is followed

producing the TE-Q mode in a

This diameter

by M. Th'ùmm et

is then increased

al.'4)

to

a 1.094

inch

by a corrugated waveguide section

with

varying corrugation depth which converts the TC-Q modf; in the smooth circular
waveguide &• th' HE^j mode in a corrugated waveguide.
the mode purity

of

these components

A f a c i l i t y to determine

by the analysis

of

their

radiation

patterns has been constructed and tests are currently underway.

1.

Hong-sheng Yang and J . B. Beyer, "Radiation Patterns of a Mode Transduciny
Antenna," accepted by IEEE Trans. Antennas Propag.

2.

Wengenroth, R. D.,

"A Mode Transducing Antenna," IEEE Trans. Microwave

Theory Tech. MTT _26_ (1978) 332.
3.

J . B. Beyer, K. Audenaerde and J . Scharer, "A Beam Waveguide Launcher for
High Power ECRH Heating in Large Tandem Mirror Machines," IEEE Trans.
Plasma Phys. PS JL1_ (1983) 255.

4.

M. Thlimm et a l . , "ECRH Systems for Linearly Polarized Plasma Irradiation
in the HEn-mode at 28 and 70 GHz," Proc. of the Fourth I n t ' l . Symp. on
Heating in Torodial Plasmas," Rome, 1984.

105

FOCUSING TWIST REFLECTOR FOR ELECTRON-CYCLOTRON
RESONANCE HEATING IN THE TANDEM MIRROR
EXPERIMENT-UPGRADE*
B.W. STALLARD*, F.E. COEFFIELD*, B. FELKER*, J. TASKA*,
T.E. CHRISTENSEN', N.C. GALLAGHER**, Jr., D.W. SWEENEY**
'Lawrence Liverinore National Laboratory, University of California, Liverinore, CA 94550
TRW Inc. One Space Park, Redondo Beach, CA, 90278
Purdue University Lafayette, IN 47907

ABSTRACT

A twist reflector plate is described that linearly polari.es and focuses
the TE-, circular waveguide mode for heating hot electrons in the thermal
barrier of the Tandem Mirror Experiment-Upgrade (TMX-U). The plate polarizing
efficiency is 95%, and it has operated satisfactorily at 150 kW power level.
INTRODUCTION
Electron-cyclotron resonance heating (ECRH) is used in the Tandem Mirror
Experiment-Upgrade (TMX-U) to heat the hot electron population required for
formation of a thermal barrier. A focusing twist reflector has been used
to both linearly polarize and focus the microwave beam that heats the hot
electrons.
The 2-1/2-in. diam waveguide transmission system that illuminates the
twist reflector is shown in Fig. 1. The system consists of an m = 0
rippled-wall mode converter for transforming the gyrotron output power, which

* Work performed under the auspices of the U. S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
**Present address--Sandia National Laboratories, Livermore, CA 94550.
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Fig. 1. The waveguide transmission system and twist reflector in an end cell
of TMX-U.
2
is predominantly in the T E n ? mode, into the TE,,-, mode. Five beat
wavelength sections are required for 100% conversion, but only four sections
and a straight pipe phase shifter are installed, since about 5% of the
gyrotron output power is already in the TEQ-, mode. Directional couplers on
the input and output of the converter measure the power in the T E 0 1 and
T E Q 2 modes.
TWIST REFLECTOR
Figure 2 shows the twist reflector plate that converts the incident
TE 01 mode into linear polarization (the vertical direction in Fig.l for
launching the extraordinary mode). The plate is positioned 30 cm from the end
of the waveguide. The grooved section measures 22 x 34.5 cm, and the focusing
curvature of the plate is evident.
The characteristic dimensions of the twist reflector grooves are shown in
Fig. 3. Recall that the twist reflector is the analog of a transmitting
half-wave plate in optics where the optical axis is parallel to the groove
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direction. A wave incident with the electric field perpendicular to the
grooves reflects from the bottom of the grooves, and a field parallel to the
grooves reflects from the top surface. A differential phase shift of ir

Fig. 2. Photograph of the twist reflector plate. The grooved dimensions are
22 x 34.5 cm.

OPTICAL
AXIS

Fig. 3. Polarization rotation grooves of the twist reflector.
occurs between the two components of a wave incident at angle 0. The wave
is reflected with the polarization rotated by the angle 2e. The electric
field directions of the incident TEn-, mode are circular, whereas the desired
polarization of the reflected wave is linear and vertical. The bisection of
the change in angle between incident and reflected waves defines the
parabola-like pattern of grooves depicted in Fig. 4.
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TWIST REFLECTOR

Fig. 4. Twist reflector groove pattern for transforming the TE Q 1 mode
electric field to vertical linear polarization.
TWIST REFLECTOR DESIGN
Scalar wave components were propagated from the waveguide output to the
mirror and from the mirror to the plasma location using Rayleigh-Sommerfield
diffraction theory as indicated in Fig. 5. The groove directions are one
result of this computation.
An iterative computer calculation was used to determine the plate
curvature required for beam focus. The first approximation for the surface
was an off-axis parabola. The iterative procedure is shown in Fig. 6. The
wave U-j was the TEQ-, output mode of the waveguide, and amplitude U^ was
specified at the plasma. Propagation of U-j to the mirror determined U2«

• PROPAGATE EACH SCALAR COMPONENT USING
RAYLEIGH SOMMERFELD

• FIRST APPROXIMATION IS PARABOLIC MIRROR
• USE THE ITERATIVE PROCEDURE TO FIND CORRECTION TO
MIRROR SURFACE

Fig. 5. The wave propagation design procedure.
Wave U3 had the amplitude profile of Up but unknown phase correction
$2, which defined the mirror curvature and which had to be calculated,
The phase $3 was initially chosen to be random. A correction for 4*3

no

5 ^ MIR
MIRROR

WAVEGUIDE

PLASMA
CALCULATED

FREE

U 3 (r3) = |U2 (ra)| exp [i* 3 (f3|j

tlA/l

A

DIFFRACTIVE! ^ r \
r'™ jjyE
T
TRANSFORM 1
I T 1 T FlKf °
(74) = |U 4 (74)| exp [1*4 (74)]
SPECIFIED

Fig. 6.

The iterative scheme for designing the mirror shape.

was found by propagating U3 to the plasma, imposing amplitude III* I and
back-propagating U4 using $4 determined from the previous step. At the
mirror IU,l was again imposed and the cycle was repeated using the
corrected value for fy^ until convergence was obtained.

The solution for

<!>2 determined the required curvature correction to the assumed parabola.
The plate was fabricated using a five-axis numerically-controlled milling
machine.

TEST RESULTS

The twist reflector plate was tested with low power TEQ-| illumination
in order to measure the power contours at the plasma location (75 cm
mirror-to-plasma separation).

We show the results for the designed and

cross-polarized components in Fig. 7.

About 95% of the total power is in the

design polarization.
The power contours reasonably approximate the Gaussian profile used in
the design procedure, except for details in the beam near the maximum.

Beam

size was also sensitive to the angle of incidence of the TE^, mode onto the
plate surface. The reasons for the differences between theory and
measurements are presently under study.
High power test results are shown in Fig. 8.

The E-plane power profile

on the side opposite the plasma from the reflector was measured using an array
111

of small WR 42 waveguides. The high .power profile agrees well with low power
measurements. Directional coupler measurements showed that the power ratio
P(TE Q1 )/P(TE Q2 ) equalled or exceded 30:1.

Desired polarization

Cross polarization

Fig. 7. Low power measurement of power contours at the plasma location.

r Nominal aiming through r

0

Measured low power E plane
profile, TEQ-, mnde
High power measurtmien
• N Q B field
:- With TMX U
B field

Hoi electron
plasma

1

<y>

Diagnostic
horns

50 cm

reflector

~2 1/2 inch
waveguide

Fig. 8. High power measurement of the twist reflector plate's E-plane power
profile.
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SUMMARY
The plate has been operated at power levels of 150 kW or greater without
evidence of arcing, in an environment of plasma bombardment with energetic
neutrals M O keV deuterium), 100-keV electrons, and many titanium getter
cycles. We achieved good coupling efficiency to the plasma in the experiment
using the plate and demonstrated power efficiencies for producing hot
electrons as large as 42% (defined by the hot-electron stored energy rate of
rise and antenna power).
The twist reflector has attractive features needed for future higher
frequency and higher power microwave sources. It does not have the
undesirable (diameter) A length scaling of waveguide modulated wall mode
converters. Power density on the plate can be made arbitrarily small with
greater separation between waveguide and plate. The design algorithums permit
an arbitrary ..iode or modes of illumination of the plate.
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ECE-DIAGNOSTICS OF THE ASDEX-TOKAMAK PLASMAS
A. EBERHAGEN, D.J. CAMPBELL*, S.E. KISSEL, V. MERTENS
Max-Planck - Institut fur Plasmaphysic, EURATOM

Association, D-8046 Garching

Tokamak plasmas have now been routinely investigated in the ASDEX-experiment
by electron cyclotron emission (ECE) diagnostics for more than three years.
The measurements are mostly concerned with the extraordinary mode of the second ECE harmonic to achieve information on the radial distribution of the
electron temperature of the ASDEX plasmas, but sometimes the whole ECE-spectrum, too, is registered in order to get insight into the possible existence
of non-thermal components in the plasmas.

1) Diagnostics
Observation of the ASDEX-plasmas is always from the outside of the plasma
torus through a 15 cm wide orifice in the vessel wall. The plasma is viewed
along the midplane through a wedged fused quartz window in a quasi-optical
manner by a bundle of five circular overmoded waveguides of 1 inch diameter
each with help of a TPX-lens of 16 cm diameter. A grid polarizer in front of
the waveguide entrances permits selection of the extraordinary ECE mode.

present address: JET Joint Undertaking,
Abingdon, U.K.
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la) Michelson Interferometer
One of the five overmoded waveguides transmits the accepted radiation to a
rapid-scan Michelson interferometer. It is of the conventional vibrating
mirror type and allows one interferogram to be recorded about every 15 ms
[Campbell and Eberhagen, 1984]. An InSb detector operating at 4.2°K is used
and the spectral range of the instrumental equipment is between about 50 and
1000 GHz. Depending on the spectrum analysis the spectral resolution ranges
between 12 and 20, which corresponds to a spatial resolution of 9 to 14 cm in
the plasma torus.

lb) Four-Channel ABC-Polychromator
The remaining four overmoded waveguides transmit the radiation to four individual channels of a polychromator of novel design (Fig. 1). Each channel comprises a reflecting 'echelon grating together with a plane mirror in cat's eye
mount. Contrary to conventional spectrometers, in this instrument the diffracted beams lie in the plane parallel to the grating rulings

and wavelength

selection is made by rotating the gratings about an axis perpendicular to the
rulings. This arrangement always ensures operation under blaze conditions
(Automatic M a z e Control). It yields, therefore, a high instrumental efficiency, which is predicted, and experimentally verified, to be independent of
wavelength [Eberhagen, 1979]. The appearance of higher interference orders in
the spectrum of interest is effectively avoided by a series of four low-pass
filters, consisting of appropriate cross-ruled gratings and mounted in each
Plane Mirror

Four Rotateable
Cat's-Eye Arrangements

Exit Slit
IWavegiid»

Plane Mirror

Fig.

1

i.e. the gratings are used in "conical" rather than in classical diffraction,
according to [Petit and Maystre, 1978].

1 16

channel in 90°-waveguide corners between instrument and detector [Eberhagen,
1980 and Campbell et al., 1980]. Again InSb detectors operating at 4.2

K are

employed. The spectral resolving power is about 20 (for: 1.8 mm £ X <

3.0 mm)

corresponding to a spatial resolution of 6-8 cm inside the plasma torus and the
minimum detectable temperature variation (limited by signal to noise considerations) is AT

~ 7 eV (35 eV) at an electronic bandwidth of ~1 kHz (30 kHz).

lc) Absolute Calibratiop of the Diagnostic Systems
The ABC-polychromator and its associated waveguide-detector-system has formerly been absolutely calibrated against a microwave diode standard utilising a 2 mm klystron as source. After additional consideration of the
transmittance of the fused quartz vacuum window and of the TPX-lens [Eberhagen
and Fahrbach, 1982] comparison of the Te-measurements of the ASDEX plasma with
those made with other diagnostics (Thomson scattering, soft X-ray pulse height
analysis) established very reasonably the validity of this calibration in the
whole bandwidth of interest (1.8 < X £ 3 mm) [Campbell and Eberhagen, 1981;
Roehr et al., 1982], In this respect the independence of efficiency with wavelength inherent in our ABC-polychromator is of great importance. In the further
course of ECE-measurements of ASDEX plasmas, however, weak spectral features
(typically -!0 to -20 % in amplitude) were noticed at discrete, fixed wavelengths causing slight distortions of the measured T -profile. These features
have been shown to result from the limited number of propagation modes allowed
by the waveguide-detector-system, and they demonstrate the need for a broadband calibration system. For this purpose a black-body radiation source
(T = 500 C, 175 cm ) has been developed. It was demonstrated with its help that
the excitation of progressively higher order waveguide modes with decreasing
wavelength is determined by a coupling process at the waveguide entrance, which
cannot be described by the equipartition of radiation energy into all possible
modes of propagation. Details of these investigations and of the broadband calibration of our diagnostic systems are reported separately at this workshop
[Kissel and Eberhagen, 1984].

Id) Application of the ECE-Diagnostics to the ASDEX-Experiment
In the early ECE-measurements it was noticed that the InSb-detectors are susceptible to y-radiation from the discharges, which, under some plasma conditions on ASDEX might range up to several MeV in energy with a total dose, at
the detector, of I - 10 rem for a 3-second discharge. While 10 cm lead walls
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ameliorated

the situation, without completely eliminating the problem, 30 cm

thick paraffin walls had no effect, suggesting that in our case neutrons are
not substantially involved.
The reaction of the InSb-detectors was a baseline-drift which appeared to integrate the Y~flux with a recovery time of several seconds. This problem was
overcome by installing choppers (chopping frequency 15-20 cps) in each channel
of the ABC-polychromator.
Figure 2 gives an example for the registration of the ECE-signals from an
arbitrarily selected ASDEX discharge. Here are separately shown from 0 to
2.5 sec the electron temperature T

at four different plasma radii as obtained

by the four calibrated polychromator channels. To the left-hand side of the
traces the corresponding characteristics of each channel are noted, containing,
in particular, the relevant plasma radius R(CM) and spatial resolution RES (CM)
to which the individual channel is adjusted. In this example the plasma was
measured from about its center (R = 1.5 CM) towards the torus inside at
R = -23.5 CM. For comparison the corresponding traces of the plasma current I
and of the line averaged plasma density n

are presented on the lower diagram,
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in which the duration of the 2.4 MWatt Neutral Injection pulse applied is indicated also. A so-called H-regime shot exhibiting a very long burst-free phase
was achieved in this instance and the sharply increasing plasma density - at constant external gas feed during the whole NI period - demonstrates the development of the high plasma-fi during the neutral beam heating of this shot. For the
evaluation of the ^-results of the four upper traces it is important to consider the slight baseline-drift occurring in this example after the onset of
the neutral injection. This can be corrected for with help of the chopper spike
minima by inclusion of a little computer program in the data evaluation. Such
a corrected evaluation of the same shot is presented in the next diagram
(Fig. 3) which, however, gives in a somewhat different representation all four
channels simultaneously on a much enlarged timescale about the period of neutral injection. It should be pointed out, that in this particular discharge
toward the end of "he beam injection the 2nd harmonic frequencies of the ECE
about the plasma center are actually exceeded locally by the increasing upper
cutoff frequency as the plasma density becomes large. The ECE intensity of the
inner two channels, therefore, is occluded for the time interval 1.19 sec <t <
1,25 sec and the Tg-indication fails here. We shall come back to the discussion
of such higher cutoff ECE-effects at high plasma densities.
Several programs and subprograms are available for further evaluation and
application of the Te-information derived from the ECE-measurements, one of the
most frequently used being the establishment of averaged electron temperature
profiles across the whole plasma cross-section at selectable times from an extended series of shots. Another widely used program concerns the representation
of i-profiles from the Te-measurements. As an example I would like to display
some results of this program. A numerical fit is first performed to the mea-
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sured T -values of up to 10 selectable shots on the basis of a parabolic radial
profile with adjustable exponent, with inclusion of the proper Shafranov
shift of the magnetic flux surfaces. With the assumption of classical Spitzer
conductivity, uniform loop voltage and Z ,,; in the plasma, the current density
profile and then the q-profile are derived. In the example presented (Fig. 4)
only the four Te-slopes of the single previous shot have been input to the
program and the derived current density and p-profiles are displayed for two
different times, for t = 1.00 sec - i.e. before the onset of neutral beam heating - and for t = '..17 sec - i.e. during neutral injection and just before the
beginning of the upper cutoff. Additionally noted are further information
obtained by the program, in particular - if found - the two respective radial
positions of the q = 1 and q = 2 surface in the plasma. An alternative program
permits the plot of the positions of several selectable q-surfaces in the
plasma as a function of time and the corresponding trace of the q-values on
axis.
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2) Survey on some ECE-Measurements on ASDEX
A great variety of ECE-results have been obtained during the large number of
different experiments performed on ASDEX in the three years of operation. Most
frequently, of course, the ECE diagnostics were used to observe routinely spatially resolved the time history of the plasma electron temperature in response
to the experimental program under study. At the same time quick identification
of possible indications of non-thermal behaviour of the plasma were sometimes
required. Occasionally the experimental porgram permitted the study of problems which are of particular interest for ECE-diagnostics in itself. The
following survey on some ECE measurements on ASDEX will be concerned with
such investigations.

2a) Observation of Upper Cutoff-ECE-Effects in High Density Plasmas
In order to make up for the point left open before in the discussion of the
neutral injection shot presented, relevant results of a series of high density ASDEX shots will be considered first. For a better insight into this
situation the very convenient (o)-R)-representation of the first few ECE-hare •B
monies (co
=n
-; n = 1, 2, 3) in the toroidal plasma (Fig. 5) may be
nee
briefly recalled. In this diagram we have included for an arbitrary plasma
density profile (n (R)) the:
Plasma frequency:
pe

Upper hybrid frequency:

UH

(l

2
e- , 1 / 2
• me

, 2
pe

2 .1/2
ce'

U)

Upper or right-hand cutoff frequency:

ECE-Harmonics-.
Plasma. Freq

Upper Hybrid fraqu

Fig. 5
fJ.

When the density of the plasma is raised steadily, the stop-band frequencies
between the upper cutoff and the upper hybrid frequencies eventually exceed
those of the 2nd ECE harmonic about the plasma center. Part of the 2nd harmonic ECE-extraordinary mode then becomes evanescent for an observer outside
the plasma torus.
In the ?eries of high density shots in ASDEX discussed here [Campbell and
Eberhagen, 1981 and 1984],

the plasma density was continuously increased un13-3
til the plasma disrupted, averaged densities of n ~ 8 x 10
cm
being

attained. It was observed (Fig. 6) that as the density increased beyond
13
-3
n

~ 7 x 10

cm

extraordinary mode emission in the second harmonic from the

outer half of the plasma was rapidly reduced, whereas the radiation from the
inner half appears unaffected (Fig. 6b). Electron temperature measurements obtained at t = 0.8 sec by Thomson scattering (vertical bars in Fig. 6b) indicate, however, that the overall symmetry of the temperature profile is maintained (in the comparison of the Thomson and ECE temperatures it should be
considered, that the Thomson scattering diagnostics viewed the plasma in a
vertical rather than in a horizontal chord as did the ECE-diagnostics).
The behaviour of the ECE is more clearly damonstrated by the sequence of 'temperature' profiles in (Fig. 7 ) , derived from the measurements during four
successive shots. There is some scatter in the data points; the slight shift
of the profiles towards the inside of the torus is caused by the small wavelength dependent variations in the system's response mentioned before. It can
be seen that after t ~ 750 msec the 'electron temperature' at radii r > 10 cm
appears to decrease and by t = 850 msec the 'temperature' in the plasma center
is substantially reduced. As mentioned before, the inner half of the plasma is
virtually unaffected.
Further inspection of the central polychromator channel (r « 0 cm) revealed
that not only did the emitted intensity decrease, but the phase of the sawtooth oscillations became inverted relative to that of the n -signals at
t » 850 msec (Fig. 8 ) . In addition, the relative amplitude of the oscillations
was increased.
These observations could be shown to be completely consistent with the expected
interaction of the 2nd ECE harmonic X-mode with the upper cutoff at the frequency Uy^Q. In order to demonstrate this, comparison is made for various
times of the observed ECE profiles with calculations of conrr. and 2 u

as a

function of minor radius (Fig. 9a+b). These Figs. 9 also show the radial
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density distributio- used in the calculations of W U C Q . which - consistent with
Thomson scattering i.

"s - was assumed (at the high plasma densities in-

volved) to follow:
n j r ) = n £ o (1 - (r/a) 2 )' /2
and the optical depth T of the 2nd ECE harmonic X-mode according to an approximation derived by Bornatici et al. (1981). The predictions shown in (Figs.9)
are of a newly developed two-dimensional emission code incorporating refraction, which does, however, not include mode conversion between electromagnetic
and electrostatic waves and which uses the geometrical optics approximation.
It may be seen from (Fig. 9a) that as the plasma density increases u
approaches 2 w

in the vicinity of r

the local value of

5

first
UU
17 cm (t = 700 msec). Shortly before

u
TTPr.

becomes greater than that of 2 u
the optical depth T
ULU
ce
starts to decrease and falls rapidly to zero with increasing density. As n

rises further the cutoff surface expands and by t ; 750 msec (Fig. 9b) a region of ir « 15 cm with

T = 0 is established within the plasma. The effect of

this may clearly be seen in the measured 'T '-profile, which exhibits a substantial decrease at the corresponding plasma radii. By t = 850 msec the cutoff region includes the plasma center, and at this time the inversion in phase
of the sawtooth oscillations previously mentioned occurred. We interpret this
as resulting from the variation in optical depth in the region near the inner
cutoff edge (at negative radii in Fig. 9b), which is "oscillating back and
forth" in major radius as the density (and temperature) rises and falls due to
the sawtooth oscillations in the plasma. In the approximation used here the
optical depth is a very sensitive function of density and for T < 1 (i.e. near
the inner cutoff edge) the emission intensity depends on the optical depths.
Oscillations in plasma density (and temperature) may, therefore, appear amplified in the emitted intensity.
It is of interest to mention here, that calculations for other density profiles (Fig. 10):
2
a) n

= n

(l-(r/a) ) , i.e. profile more peaked, or

b) n e = n e Q (l-(r/a) 2 ) 1/4 , i.e. profile flatter
than used in the calculations before - which both appear to be inconsistent
with Thomson scattering results - predicted that the sawtooth phase inversion
should occur at t ~ 700 msec and t = 1000 msec, respectively. Thus our observations and calculations exhibit good agreement and are consistent with Thomson scattering measurements of the density profile.
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A final point of interest for ECE electron temperature diagnostic is that we
find the central electron temperatures derived this way reliable until densities in the line of sight of the imaging system are within 4 % of the cutoff
density for the observation frequency (to /ID
pe

< 1.38; a)

ce

/2 to

ULiU

< 0.98).

ce

2b) ECE-Measurements in the Non-Thermal Discharges
In contrast to the foregoing investigations, which were carried out at high
plasma densities, another series of experiments was performed at low densities with so-called non-thermal discharges developing [Campbell, Eberhagen
and Kissel, 1984]. They could be achieved in the ASDEX tokamak during divertor operation under clean (Z __ = 1) conditions and were created by first
establishing a normal plasma and then stopping the neutral gas supply to the
discharge while maintaining a constant plasma current. An example of such a
discharge is presented in (Fig. 11)> which demonstrates nicely the transition
from a thermal to a non-thermal plasma. Here is shown the temporal development in an ASDEX-discharge (Bjto) = 2.2 I; I
a) the line averaged electron density n

1

= 350 kA) of:

and the ECE-intensity of the 2nd

harmonic X-mode from the plasma center (in terms of T ) as registered by
the ABC-polychromator
b) the ECE-spectra derived from measurements with the Michelson interferometer at the five different times indicated in a)
c) ECE-spectra calculated for the same five times with plasma parameters
as noted in the upper right inset of the figure.
In these calculations the non-thermal plasma was considered composed of a lowenergy (LE) component with the electrons having a Maxwellian distribution of
temperature T

and a high-energy (HE) component with a relativistic Maxwellian

of the electrons in the energy range of several tens to hundreds of keV. The
LE-component corresponds to the plasma that would exist in the absence of the
HE-part and was described by a temperature and density with spatial profiles
determined from experimental data. For the HE-component the fractional density
(n[Ig(r)/nLE(r)) and the energy was assumed constant across the plasma

cross-

section and both modes, X- and 0-mode, were treated in the calculations.
Multipole reflection and polarisation scrambling of the vessel wall were
taken into account.
As the gas-feed is witheld at t = 0.7 sec the density in the plasma drops by
about a factor of ten within some 300 msec, with the temperature rising at the
same time by nearly a factor of five. The measured ECE-spectra indicate the
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rapid development of an HE component in the plasma for times later than 0.8 sec
and it may be inferred from the calculated spectra that the perpendicular energy
of the HE component remains essentially constant in time, with oniy its population (fractional number) in the plasma growing continuously. The parameters
employed here for the HE-part were obtained through trial and error, and prove
to be very consistent with soft X-ray spectra.
At the time t = 1.08 sec the ECE-intensity of the central polychromator channel
shown increased sharply and the detector saturated. This non-thermal phase was
studied in a slightly different ASDEX-discharge (B (o) = 2.2 T; I

= 250 kA)

at a reduced sensitivity of the detectors (Fig. 12). It was then established:
i)

The sudden increase of the 2nd harmonic X-mode occurred in a series of
step-like jumps and such discontinuities of the ECE often persisted
throughout the whole rise phase and sometimes even after steady-state intensity had eventually been reached again at a level about an order of
magnitude greater than the initial one. Such discontinuities in the ECE
of non-thermal discharges had been reported previously by other authors
(Boyd et al, 1976; Brossier, 1978) and are most likely associated with the
so-called Anomalous Doppler microinstabilities (Parail and Pogutse, 1978)
which retard the runaway process and manifest themselves as pitch-angle
instabilities.

ii) For comparison, results from a quasistationary Thomson scattering system
(Roehr et al., 1982) have been included in (Fig. 12,13,14 indicated by QTS),
providing information on the electron temperature T

of the LE component

every 17 msec. They demonstrate that the central polychromator channel obviously registrated the axial electron temperature T g (ECE) correctly
right up to the occurrence of the sharp increase in ECE intensity (after
this time the QTS results display excessive scatter:). This was unexpected
as the associated spectra already indicate the non-thermal nature of the
ECE about 30msec (times d + e) before this sudden increase.
As was verified by the simulations indicated before, this can be explained by
the relatively large optical depths of the 2nd harmonic X-mode still existing
at these late times for the LE-component in the central plasma region. The
emission of the HE-component is then obscured here for an observer at the lowfield side of the plasma, as its emission layer lies behind that of the resonant LE-component (for fixed frequency). Black-body radiation from this LE-component is, therefore, still registered only. At later times, however, when the
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optical depth decreases further, an emission intensity above thermal level is
increasingly observed, originating from the HE-component. These features constitute an example for the statement, that neither does the agreement between
ECE and Thomson scattering temperatures necessarily imply a thermal electron
distribution, nor does the presence of a non-thermal plasma component invalidate the ECE temperatures in all circumstances. Measurement of the complete
ECE spectra in addition to the 2nd harmonic X-mode is of crucial importance in
determining the meaning of the ECE temperatures.
Some experiments have been carried out to study the relaxation from non-thermal
to thermal plasma states with increasing density. They have shown, as expected,
that any increase in density of the non-thermal plasma is accompanied by a
decrease in the ECE, although the radiation lags the density change (Fussmann
et al., 1981). Thermal plasmas were always restored several hundred millise12
—3
conds after the density was raised above 6 - 8 x 10
™
(B (o) = 2.2 T;

V

I . = 250 kA), provided this density was maintained.
The reaction of non-thermal plasmas to transient density changes is somewhat
surprising. After injection of frozen deuterium pellets (2 x 10

molecules)

into the non-thermal plasma (Fig. 13) the ECE-intensity was strongly reduced
by the sudden density increase, as expected. The structures of the ECE-spectra,
however, remained essentially unchanged. These two findings point at only
minor changes in the energy of the HE-component, but at rather strong reductions of its population in the plasvaa. In fact, comparison of the central ECE• intensity with the QTS-data indicates the persistence of the HE-plasma component throughout the complete pellet injection phase, despite the 100 msec
13
-3 .
long period of line averaged electron densities of beyond 2 x 10
cm
in the
plasma.
Very

similar results have been obtained when applying short gas pulses rather

than injected deuterium pellets to achieve the sudden density perturbation.
This similarity of the temporal evolution may be explained by the observation
(K. Biichl and G. Fussmann, private communication), that in such low-density
plasmas the pellet ablation occurs near the plasma edge, presumably through
impact with high energy electrons, and thus has the equivalent effect as a gas
pulse.
It was then an interesting observation, that the persistence of the non-thermal component in the plasma was temporarily annulled when the density perturbation was combined with neutral beam injection (H • 40 keV; 1 - 3 MW). In
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case of the pellet injection (Fig. 14) was then not only the high-density
phase in the plasma noticeably abbreviated, but the ECE-spectra clearly indicated between times b and c the presence of a thermal LE plasma by the distinct
appearance of the 2nd harmonic in emission. During the same period of time
also agreement is observed between the T (ECE)-values of the central polychromator channel and the QTS-data. Combination of the gas puff with neutral
beam heating lead to similar results and confirmed that a predominantly thermal plasma was enforced by the neutral beam heating. The inference is that the
neutral beam degrades the confinement of the HE-component in the plasma. This
is possibly correlated with a decrease in particle confinement as indicated by
the abbreviated duration of the temporary high-density phase.
3) Final remarks
After more than three years of routinely applying ECE-diagnostics to ASDEXtokamak plasmas our overall experience gained so far may be summarized as
follows:
a) For continuous registration of electron temperatures during the great variety of experimental programs on the ASDEX tokamak, measurement of the 2nd
harmonic X-mode at selected frequencies was of greatest value. Both spatial
and, in particular, temporal resolution of the information achieved from
the ABC-polychromator system installed for this purpose lent great support
in the plasma investigations. In the majority of the ASDEX-experiments the
plasma parameters were well within the range for safe interpretation of the
2nd harmonic X-mode ECE-intensity in terms of electron temperature.
b) One practical problem appeared in the course of the measurements in the
absolute calibration of the diagnostic system. Calibration at one single
wavelength with help of a klystron source was very convenient, but for finer
analysis of the measured data the underlying requirement of wavelength-independent performance of the system's overall responsivity was not quite
satisfactorily fulfilled. A broadband calibration source, therefore, was
necessary to compensate for residual deficiencies in the response at some
wavelengths.
c) In some ASDEX-experiments plasma parameters had been chosen, which conflicted with the range for safe interpretation of the 2nd harmonic X-mode
ECE-intensities in terms of electron temperatures. In these situations the
value of the complementary instrumentation for ECE-diagnostics in Garching,
namely the four channel ABC-polychrcraator for registration of time resolved
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intensities at different wavelengths and the rapid-scan Michelson interferometer for measurement of the entire ECE-spectrutn, became apparent. Reliable information on the plasma then could still be obtained from the ECE-diagnostics,
in particular when combined with numerical simulations, as was the case, e.g.,
in the non-thermal discharges performed on ASDEX.
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FAST MULTICHANNEL HETERODYNE RADIOMETRY ON THOR
TOKAMAK
G. CIMA, G. RAMPONI, A. SIMONETTO
Istituto di Fisica del Plasma, EURA TOM-CNR Association,
Via Bassini n. 15-20133 - Milano (Italy)

Abstract
A fast multichannel heterodyne radiometer in the 50-75 GHz frequency region is described. The radiometer performances and E.C.E.
measurements on Thor device are presented.

Many tokamak experiments make use of the E.C.emission measurements to collect information about the electron temperature temporal and spatial profiles and about suprathermal electron features. In the Thor tokamak experiments, in the Ohmic heating
case, the optical depth of the plasma second harmonic, x-mode,
E.C. resonating layers, does not allow to perform localized electron temperature measurements along the radial profile. (Fig.1)
Nevertheless, by knowing the electron density radial profile and
taking into account the reflectivity of the vacuum vessel walls,
it is possible to deduce information about the electron temperature evolution over the plasma cross section and about the elect-
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ron distribution function.
These aims motivated the upgrading of the single channel etherodyne radiometer, already operating on Thor, to a multichannel
system to allow for simultaneous measurements at different positions along the plasma radius.
RADIOMETER DESCRIPTION
This multichannel radiometer belongs to the family of the waveguide heterodynes with a special choice for the local oscillator,
different from the schemes adopted by / 1 / and / 2 / .
With reference to Fig. 2 the main features of this multichannel
radiometer are : a wide band single ended mixer (5O - 75 GHz) and
the L.O. which consists of two fixed frequency oscillators alternatively activated. The power of the two Gunn diode L.O. is controlled by pulsing their power supply. The radiometer time resolution is equal to Dt^N, where Dt is the integration time of the
video output, practically coincident with the L.O. pulse length,
and N is the L.O. number (in the shown case, N=2). We have found
a practical lower limit for Dt (100 microsec.), because the
tested Gunn diodes take a time ^ 5 microsec. from power on, to
stabilize in frequency. For an extended 8-channel system, whose
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D.fl-S_ COHPUTER

Fig. 2 - Block diagram of the radiometer.

hardware would differ from the working one just for a larger L.O.
array, we have shown that it is possible to keep the global time
resolution below 1 msec, which is an acceptable figure with respect to our aims. The video output A/D conversion has to be synchronous with the L.O. frequency switching and with the video
integrator reset. On' -/ngle computer is therefore performing
all these tasks folio".-ing the time sequence shown in Fig. 3.
The same processor activates a stepping motor microwave switch
to allow for the automatic radiometer calibration a ftw seconds
after each shot by measuring a standard noise source signal.
This proceedure has shown to be very valuable to guarantee the
measurements reliability.
The measured system temperature is T

= 1 eV, taking into
sy s
account the transmission line attenuation, and the intermediate
frequency bandwidth is df = 250 MHz.
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Fig.4 - Radiation temperature(SO eV/div) vs.time
(2 msec/div).Thermal case.
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Fig.5 - Radiation temperature (50 eV/div) vs.
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EXPERIMENTAL RESULTS
Typical preliminary measurements on a thermal plasma at the second harmonic of the electron cyclotron frequency at two radial
points (r=0cm. and r=-2cm.) are shown in Fig. 4. The three signal
dips correspond to gas puffing pulses. The comparison between
the radiation temperature and the electron temperature measured
by Thomson scattering shows an

agreement between the two tech-

niques within the measurement error bars in the thermal discharges. Fig. 5 shows the emission in a discharge where suprathermal electrons are present, as witnessed also by X-ray
measurements.
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ECE MEASUREMENTS WITH A SIX CHANNEL FABRY-PEROT
INTERFEROMETER
M. TALVARD, L. LAURENT
Association EURA TOM-CEA sur la Fusion - Département de Recherches sur la Fusion
Contròlée - Centre d'Etudes Nucléaires
Bóite Postale n. 6 - 92260 Fontenay-aux-Roses (France)

1. Introduction

Previous good results obtained on TFR /I/ measuring the time evolution

of the electron temperature by means of ECE have

encouraged the

development of a six channel Fabry-Perot interferometer. This diagnostic is
particularly

valuable

when

fast

temporal evolution

of

the

electron

temperature profile is required, as is, for example, the case with recent
pellet injection experiments.
In this paper we describe the diagnostic performance measured both
in

the laboratory and on TFR, and tnenwe present the latest experimental

results.

2. Experimental set up

The diagnostic has been previously described in /2/. The plasma ECE
is first collected by three 4 x 4 cm square-section waveguides, after which a
polariser

reflects

only

the x mode

into an overmoded metallic circular

vaveguide outside the torus (fig. 1 ) . For each of the three waveguides, the
radiation is filtered by reflection gratings
divided by a polarising beamsplitter

(see section 2.4) and then

resulting in six separate channels. For
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T.F.R
Polariser

TFR floor

cryostat

Fig. 1 - Interferometer implantation on TFR.

each of these six signals a frequency corresponding to a particular 2oo
layer in the plasma is chosen by varying the grid spacing in the Fabry- Perot
cavity.
Detection and amplification will be briefly described in section
2.5.

2.1 Optical alignment

:

The ECE frequency range (50 - 1000 GHz) leads us to use quasi-optical components, such as bends with

either polished stainless steel or brass

mirrors. The alignment was made illuminating the entrance of the guides with
a He-Ne laser beam and adjusting the mirrors so that the laser spot vas
centered with respect to all waveguide elements.
The measured losses are

less than 5 % per metre in the straight

section and less than 5 % per bend. Each channel is composed of six metres of
waveguide, two polarisers and six bends (two of them
filters).
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including the reflection

2.2 The Fabry-Perot cavity :

For each of the six channels, 180 line-per-inch metal meshes used
as reflecting grids are mounted on a removable support. Thus each grid can be
accurately aligned in the laboratory

(by means of a klystron operating at

136 GHz) without disturbing either the functioning of the remaining
or

the

daily

operation of TFR. When

the cavity

is well

channels

aligned,

the

transmission as a function of the grid spacing is an almost perfect Airy
function corresponding to an experimental finesse of 150 to 170. Moreover,
the transmission rate at the maximum value is 100 %. This yields an effective
finesse of 50 at 250 GHz.
An automatic command of the grid displacement (required accuracy
•S 5 ym) has been studied. At present the grid movement is controlled by a
microprocessor

in the vicinity of the diagnostic. Shortly, the grid will be

commanded directly by a computer located in the operator's room (Toroidal
magnetic field intensity ar.d radius as data input).
2.3 Antenna pattern :
In the

first

series of

experiments

the

input waveguides were

illuminated with the klystron located in the far field zone. The size of the
antenna pattern was deduced from the measured acceptance half angle (2°),
Az = 7 cm

at a distance of 50 cm.
These results were checked using a movable mercury lamp simulating

a small element of plasma with a black body temperature of 3000 K.

2.4 High frequency rejection :
Cross ruled reflection gratings used as low pass filters are required to reject the high frequency part of the spectrum transmitted at higher
orders of the Fabry-Perot cavity when the first order is adjusted to correspond to the second harmonic of the ECE. We have studied the spectral response
of such filters mounted on quasi-optical bends with a slow-scan Michelson
interferometer for grating constants D varying between 0.4 and 0.7 mm. The
cut-off frequency was found to be related to the constant D by fc D = 215 (fc
GHz, D mm).
Numerical calculations have indicated the need of using two grating
filters per channel, where the grating constant is chosen as a function of
both the radius observed and the toroidal magnetic field range. The undesired
power is then in every case less than 3 %.
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2.5 Detection and amplification :

QMC-type InSb detectors are cooled in a liquid Helium filled cryostat with a hold-time greater than 10 days. The power transported by the
oversized waveguides and received by the detector is of the formP(f) = 0.45
10

kT E f Af (w, GHz, J ) . For a bandwidth A f given by the transmission func-

tion of the Fabry-Perot (typically 8 GHz) this has been estimated to be equal
to

4 E viW, where

E

is

the

attenuation

due to

the

losses through

the

transmission lines.
The signal is first amplified with a DC amplifier beside the cryostat and whose input noise is 2 pV
at 10 KHz, and subsequently with a difPP
ferential amplifier located in the control room. The latter is used to avoid
ground loops and to correct for the DC offset. The bandwidth of the amplifier
system is tunable between 10 to 300 KHz.
2.6 Data acquisition and processing :

Taking into account the temporal resolution of this diagnostic, a
data acquisition (sampling rate 2 kHz) is used routinely to give the temporal
evolution of the temperature profile during the entire shot. To study fast
transient phenomena a LECROY-type data acquisition (sampling rate
provides a detailed view of the T

400^Hz )

profile evolution during a 10 ms period

(4 K bytes per channel).

4 - •Hem

Fig. 2a - Information available after every shot.
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Pig. 2b - Expanded view.

Finally

an analysis programme gives the Time evolution of the

profile by means of a calibration at one time point with the Thomson-scattering. This information

is available after every shot. An example of the

Fabry-Perot signal during pellet injection is shown in fig. 2a with an expanded view fig. 2b.

3. Summary of the system performance

The spatial resolution in the horizontal direction is determined by
the finesse of the grids and is equal to 2 cm.
The resolution perpendicular to the line of sight is given by the
antenna pattern of the whole optical system. Due to the presence of gaps
(free propagation intervals of 40 cm length) the vertical resolution has been
found to be ^7 cm.
The good temporal resolution is the main advantage of the FabryPerot interferometer. This resolution which is limited only by the amplification bandwidth is equal to a few microseconds.
With a 10 kHz bandwidth, the measured signal to noise ratio has
been found greater than 100 allowing us to observe temperature fluctuations
of 10 eV. A comparison between the soft X-rays and Fabry-Perot signals, for a
frequency sampling of 200 kHz., is shown in fig. 3.

PP
"(inverted)

Soft X Rays

Fig.

3 - Comparison between Soft X rays and Fabry Perot Signals

U3

4. Study of the current diffusion

The T (r,t) measurements on TFR have been used in conjunction with
a numerical code to solve the poloidal magnetic field diffusion equation. The
two purposes of the code are 1) to study by comparison with the loop voltage
measurements whether or not the current diffusion is classical and 2) to
obtain

the

current

density

profile

as

a

function

of

time

/3/. This

illustrates the ability of the ECE to give more and more accurate information
in diagnosing the plasmas.
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EXPERIMENTAL MEASUREMENTS ON NON-MAXWELLIAN
DISTRIBUTIONS
D.A. BOYD
Laboratory for Plasma and Fusion Energy Studies
University of Maryland, College Park, Maryland 20742, U.S. A

By the very fact that distribution functions isotropize in about one
collision time, non-Maxwellian distributions of electrons tend to have high
energies.

Thus relativistic effects are important.

In addition, the

anisotropy in velocity space makes them susceptible to a number of
instabilities. What would we want to know about the distribution function?
What is the average energy of the electrons?
loss-cone angle?

What is the loss-cone or anti-

How anisotropic is the distribution?

We must, if we can,

extract this information from measured cyclotron emission spectra.
Unfortunately theory is only weakly developed in this area.

Certainly the

radiated power varies as a function of spectral frequency, direction of
emission, and polarization state of the radiation.

In principle these

properties can be measured and perhaps unique interpretations of data can be
made.

Even a question like, "Where in configuration space are these high

energy electrons"" is hard to answer.

As reflections on the vacuum vessel

walls partially destroy the anisotropy and polarization characteristics of the
radiation, sophisticated viewing optical systems will be required to obtain
unambiguous information.
PLT,

Our struggle with these problems on ATC, Alcator,

and EBT will be outlined and some experimental results presented.

Introduction
I shall concentrate on the work done by my colleagues and me, not because
I think it is the only significant work that has been done, but because it is
what I know best and can adequately represent.

Others

in the United States,

Europe, and Japan have contributed significantly to this field.

So this is
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not a review of the topic, but really just some highlights from the work of a
particular group in which I have worked for a number of years.
The cyclotron emission from non-maxwellian electron distributions has
often been observed (usually from runaway electrons).

Because of the strong

emLssion from the high energy particles and the strong bursts of radiation
associated with the instabilities to which such distributions are prone, it
has often dominated the measurements.

In fact, seeing the emission from the

thermal or maxwellian part of the distribution was often very difficult.
We also began with the easy observations on the ATC tokamak and Fig. la
2
shows one of the most interesting things we saw.
It is certainly the
emission from lunaway electrons experiencing the Parail-Pogutse
repetitively.

instability

Each step in the radiation intensity is due to an increase in

perpendicular momentum that the electrons acquire from the instability.
However, not all such distributions are unstable.

In the slide-away regime of

Alcator-A the distribution appeared to reach a steady-state.
these measurements.

Figure lb shows

From the crude spectral information we had and our crude

calibration wa could make estimates of the average energy of the electrons and
roughly their total number, but not their density.

The Distribution Function in Pure Electron Plasmas
In the mid-70's we conducted a series of experiments on small clouds of
high energy (1-2 MeV) electrons confined in a simple mirror machine.^»5
first fixed frequency microwave receivers were used.

At

In the region of

magnetic field Inhabited by the electron clouds the magnetic field strength
was nearly constant in space.

So we would receive a signal when the local

oscillator frequency was equal to the cyclotron frequency or one of its
harmonics, I.e.,

where X is the harmonic number, e the electron charge, B the magnetic field
strength, Y the relativistic factor, and m the rest mass of the electron.
the magnetic field changed in time, with ^
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fixed, the y of the particles
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being viewed can be calculated from

Y =
m

As long as I can unambiguously be identified, and no harmonic overlap occurs
because the range of y in the distribution makes it possible for the fraction
Xly to have the same value for more than a single value of X, it is possible
to calculate the power radiated by an electron of energy y, in the
£th harmonic in a field of strength B .

Using a calibrated receiver makes it

possible to infer from the intensity of the received signal the number of
electrons of energy y radiating to produce the signal.

Fig. 2(a) shows the

receiver signal as a function of time and Fig. 2b the inferred distribution
function.

To obtain a distribution function at a single time at one field

strength, the measurements obtained at different times within a single shot
were transformed to a single time using an adiabatic invariant.

Later a more

sophisticated sweeping receiver and analytical theory was used to produce a
clearer picture of the evolution of the distribution function and even to
obtain some idea of the spatial distribution of the electrons.
What I should like to stress from these results, is that in a
particularly simple experimental situation a relatively simple analysis of the
data was able to produce detailed information on the evolution of a
r.on-maxwellian distribution function.

The Distribution of the EBT Rings
In the experiment on EBT a much more complex experimental problem was
tackled.

This experiment was designed to avoid seeing reflected radiation

from the vacuum vessel walls and to view the plasma with a well collimated
beam, thereby defining a small and well-determined volume of the ring that was
emitting the received radiation and ensuring that only a small range of
emission angles was relevant.

Therefore only radiation emitted perpendicular

to the magnetic field lines needed to be considered and there was the
possibility of using the degree of polarization of the emitted radiation as a
source of diagnostic information.
In an effort to keep the receiver requirements to a minimum it was
decided to use two fixed frequency heterodyne receivers to measure the ratios
of the emitted power in the ordinary and extraordinary modes of polarization
at the two chosen frequencies, viz., 80 GHz and 138 GHz.

From these

measurements, a simple model suggested, we could extract the average energy of
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35 GHz Receiver

B Field Monitor

Electron Injection
Voltagli = 5 kV

2.5
T O T A L ENERGY >' ( u n i t s of m C )

Fig. 2(a)

The smooth trace records the change in the magnetic field. The
noisier trace is the microwave receiver signal. Data from the
Maryland Mirror Machine,

(b)

The derived experimental distribution functions.

U9

the ring particles and the loss-cone angle of the distribution function.
A diagram of the apparatus is shown in Fig. 3.

It is easier to imagine

the receiver as a transmitter when trying to understand the apparatus.

In

this time reversed description, the beams of radiation at 80 and 138 GHz are
launched by a corrugated conical horn in two Gaussian beams with almost
identical characteristics.

The beams then pass through a rotatable wire grid

which performs the polarization analysis.

Then the diverging beams encounter

a large diameter lens which makes the beams converge to a waist in the middle
of the vacuum vessel.

After the lens, the beams pass through a glass vacuum

window inclined with respect to the beam axis to reduce the effect of
reflections for the window surfaces.

Beyond the window the beams pass through

a disc composed of hexagonal waveguides about 5 mm long and wi th a crosssection such that they attenuate by 30 dB the 28 GHz gyrotron radiation which
is used to form the EBT plasma, but only moderately attenuate the 80 and 138
GHz radiation.

This troublesome component, which degrades the otherwise

excellent optical system substantially, is necessary because the 28 GHz
radiation which creates and maintains the EBT plasma cannot be allowed to
escape through the large vacuum window needed for this diagnostic.

On the far

side of the vacuum vessel the beams encounter a spherical mirror which
precisely matches their wavefront radius of curvature thus turning the beams
precisely back upon themselves.

Thus the only reflected radiation that th^.

receiver accepts is that which is reflected from the spherical mirror with the
required radius of curvature of its wavefront.
An important part of the study of non-maxwellian distributions was
exemplified here.

This consists of endeavoring to simplify the data analysis,

in fact even to render it possible, by employing a sophisticated optical
system to restrict the view of the source such that
defined properties is received»

ily radiation with well

It Is hoped that these restrictions plus the

information contained in the measured data, constitute a sufficient set of
facts to make it possible to deduce what one wants to know about the electron
distribution function.
So how well does it work in practice?

We are not quite sure. Fig. 4

shows some theoretical curves and some measured results.

Clearly the system

is working reasonably well, in that the measured polarization ra'iios are quite
high.

The theoretfcal model which is used to calculate the ring emission

properties is probably too simple and hence it is not easy to access the
discrepancy between "theory" and experiment.
This In turn leads to another important p
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of non-ma:wellian distributions.

Given any distribution function we can

calculate the emitted radiation.

It is then possible to find if any

particular experimental measurement or even a set of measurements is
consistent with that particular distribution function.

If the distribution

function has a number of adjustable parameters, these can be varied until with
luck a "good" fit is obtained with the experimental poj.nts.
unique?

Almost certainly not.

But is this fit

In fact it is not clear even i.n principle that

measurements of the emitted radiation could uniquely define the distribution
function of the emitting electrons.

It is this inverse problem of going from

radiation measurements to source distribution function that needs theoretical
work.

We desperately need elucidation of this mapping from emitted radiation

space to velocity space.

Some guidance is needed as to how prominent

characteristics in radiation space manifest themselves in velocity space and
vice versa.

What properties of the emitted radiation are sensitive to

particular characteristics of the distribution function?

Obviously this would

be invaluable to the experimentalist because he could concentrate on
particular measurements to test for these characteristics of the distribution
function.

So the point is, we need a much better theory of the diagnosis of

non-maxweilian distributions.

The Distribution of Current-Driven Electrons in PLT
In these experiments

about 100 kW of 800 MHz power was injected through

a phased array of waveguides into a plasma of central temperature about 1 keV
12 —3
and density in the 10 cm
range. The initial ohmically formed plasma had a
thermal distribution of electrons, but on application of the 800 MHz radiation
a high energy non-maxwellian tail was produced on the electron distribution
and this distribution then carried most of the discharge current.
Two cyclotron emission diagnostics were used to record the data.

One was

a three-channel grating polychromator which continuously monitored the
radiated at 2co , 4<j , and 8u , when OJ is the rest mass electron cyclotron
frequency.

This system was particularly good at determining the time scales

on which the radiation intensity changed and at recording the presence of
instabilities which afflicted the distribution under some circumstances.

The

second system was a fast-scanning Michelson interferometer which measured the
emitted spectrum from approximately 2w

to 10 u

every 20 milliseconds.

Here

we again used a simple model" calculation to estimate some properties of the
distribution function from the slope of the measured spectrum.

We could also

estimate the radiated power and catch a glimpse of the changes that occur in

the distribution function as the density limit for current drive at 800 MHz is
approached.
Figure 5a shows the evolution of the intensity of the radiation at 2w as
recorded by the giating polychromator.

In this shot the discharge is a normal

ohmic plasma for the first 200 milliseconds.

The intensity of the 2(o

radiation corresponds to that from a thermal plasma of temperature of about
1 keV.

On application of the lower-hybrid wave power the intensity rises by

about a factor of 30 in about 100 milliseconds as the electron distribution
evolves toward a new equilibrium.

When the lower hybrid power is switched off

the intensity rapidly increases in about 50 microseconds by a factor of 1.5
and develops an inverted sawtooth oscillation with a period of about 5
milliseconds with a fractional modulation of about 2%.
In discharges where the density is too high or the applied power too
small an instability is observed.

In Fig. 5b this is illustrated.

At 400

milliseconds the lower hybrid power is applied and the 2(o intensity rises to
a new equilibrium level in about 100 milliseconds. At 500 milliseconds the
13 -3
13 -3
density is ramped from an average of 2.7x10 cm
to 4.7x10 cm
in 125
milliseconds.

At 900 milliseconds it is allowed to decay back to the original

average in about 100 milliseconds. Notice while the density is at the higher
13 -3
plateau value of 4.7x10 cm
there is a repetitively acting instability
manifesting itself in the inverted sawteeth in the intensity of radiation at
2u) . While the instability is active the plasma current decays for 180 kA to
150 kA.

At the lower density it is rising slowly at a rate of about 70 kA per

second.
When the instability acts, the extraordinary mode radiation, at 2w
rapidly increases and then slowly decays.
radiation at u

In contrast the ordinary mode

rapidly decreases at the time of the extraordinary mode

increase and then slowly rises.

This probably is because the instability

increases the perpendicular momentum of the electrons and simultaneously
decreases their paralle] momentum.

This strongly suggests that the Parail-

Pogutse instability is operating here.
As the plasma density is increased the radiated power at equilibrium
decreases and the rate of rise to equilibrium is slower.

The frequency of the

instability increases until it is essentially continuous at the density where
the current drive fails.
The Michelson interferometer was able to record the evolution of the
emitted spectrum.

From a spectrum characteristic of 1 keV thprraal plasmas

with a strong emission line at 2OJ and a weaker line at 3 U , within 26
c
c
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The time dependence of the 2cj radiation during current-drive
experiments on PLT.

(b) With instabilities.
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No instabilities,

milliseconds of the application of the lower-hybrid power the spectrum has
developed strong nontherraal features; an absorption dip at 2u>

where the

thermal plasma is absorbing the radiation generated by the high energy tail on
the electron distribution and considerable amount of power radiated at higher
harmonics which is detectable out to 7ui .

Equilibrium is reached in about 12.5

milliseconds where now the detectable power extends beyond lOo> and from about
c
3u to 10(0 the spectral power falls off exponentially with increasing
c
c
frequency, i.e., slightly less than - ldB/harmonic.

The data can be seen in

Fig. 6.
When the instabililty operates, the most distinct effect is a substantial
increase in the power radiated at higher harmonics. Whereas at 2u the
increase is a factor of 1.3, at lOoi the factor is 2. Whether the instability
c
acts once or many times the net effect on the spectrum is the same.
We have used a simple theoretical model using a relativistic anti-losscone distribution in a homogeneous magnetic field and tried to use the
measured slope in the spectrum to derive some properties of the experimental
distribution function.

The results of this analysis indicate that the

"temperature" of the accelerated tail 25 milliseconds after the application of
the lower hybrid power is approximately 80 keV and at 128 milliseconds the
CYCLOTRON RADIATION SPECTRUM

t
e
n
5

1
t
If

Fig. 6

The evolution of the emitted spectrum after initiation of currentdrive.

Times refer to zero milliseconds at switch-on of 800 MHz

power.
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"temperature" is 145 keV.

Subsequent computations have shown that these

results are insensitive to the "parallel temperature" and manifest mostly the
"perpendicular temperature."

This was discussed when we generalized the model

distribution function to include anisotropic "temperatures."

Thus the

"temperatures" quoted in Ref. 8 apply only to the "perpendicular temperature."
It is possible to calculate the power emitted by the electrons before the
R.F. power was applied because the electron distribution function was still
thermal and ics temperature obtained from Thomson scattering.

Thus the power

in the measured thermal spectrum can be determined and then by ratioing the
area under the spectrum measured during current drive with area under the
thermal spectrum an estimate of the power radiated by the non-maxwellian
current-drive distribution can be made.
radiated is less than 100 watts.

In the thermal phase the total power

During the current driven stage the total

radiated power lies between 5 kW and 15 kW where the major uncertainty arises
from the uncertainty in the reflection coefficient of the vacuum vessel
walls.

The lower power is a more realistic estimate.

In a series of discharges in which the density of the plasma was raised
12 -3
12 -3
from shot to shot from an average of 2.6x10 cm
to 7.2x10 cm
the spectrum
of the emitted radiation was measured during the approximately steady state
current-driven portion of the discharge. The plasma current rises slowly at
the lowest densities and falls slowly at the higher densities.

At the highest

density current drive fails and before the end of the discharge the
distribution function returns to near a thermal distribution.
the highest density there is no plateau free of instabilities.

In addition, at
They begin

before the plateau level is reached.
These measurements are presented in Fig. 7.

The hole in the spectra

between 18 and 19 wavenumbers is due to atmospheric water vapor absorbing the
radiation as it passes through the spectrometer system.

The cut-off at 3.5

wavenumbers is artificially put in as in our judgement our calibration of the
instrument at smaller wavenumbers is suspect.
radiated power falls.

As the density is increased the

Particularly, the power in higher harmonics, 4w

to

9oj , falls off as the average density to power - 0.57 with a very correlation
c
12 —3
coefficient of 0.9&, if the highest density of 7.2x10 cm
is ignored. The
total radiated power departs from this relation at the next lower density,
12-3
5.8x10 cm , because at the lower frequencies the drop in power is more
severe.

The drop in the band 3u to 4u is particularly noteworthy as the
c
c

thermal plasma is optically thin at these frequencies and we are seeing the
nonthermal electron radiation almost unperturbed by the background plasma.

It

seems that the particles that radiate preferentially at low harmonics which we
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CYCLOTRON RADIATION SPECTRUM

Fig. 7

The radiated power spectrum as a function of plasma density.
Numbers adjacent to curves are associated densities in units of
12 -3
10 cm .

see unperturbed by the thermal plasma between 3w

and 4u) are depleted in

energy or number or both more quickly than those that radiate preferentially
at higher harmonics (4a) to 9to ) when the density is raised.
c
c
Discussion and Summary
In each case discussed here the cyclotron radiation from relativistlc
non-maxwellian distributions of electrons was observed.

Attempts were made to

analyze the radiation emitted in the higher harmonics where the reàbsorption
by the thermal plasma is negligible.

The slope of the emitted spectrum and

the degree of polarization were used to make estimates of the parameters of
the non-maxwellian distribution function and the temporal behavior of the
intensity of the radiation at particular frequencies was used to monitor the
development of the distribution function and to examine the effect of
instabilities upon it.
Generally the radiation is intense because relativistic electrons radiate
copiously.

Thus experimentally it is easy to measure the radiated power.

However, if the randomizing effects of vacuum wall reflections are to be
avoided, and limited nparial regions are to be observed and observations at
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particular orientations with respect to th^> magnetic field are to be
accomplished, sophisticated optical systems will have to be employed.

These

optical systems will require absorbers or special reflectors within the vacuum
vessel.
The most serious lack in this field is the absence of a theory which
produces diagnostic algorithms.

By this I mean the equivalent for

9
nonmaxwellian distributions of what the Engelmann and Curatolo paper did for
thermal distributions.

Then an experimentalist would know what he needs to

measure to get at the parameter he wants.
set of algorithms is possible.

Currently we do not know if such a

Attempts have been made, but they seem to me

too crude to provide a convincing analysis.
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RELATIVISTA ELECTROMAGNETIC INSTABILITIES NEAR
ELECTRON CYCLOTRON FREQUENCY AND HARMONICS
A.K. RAM, G. FRANCIS, A. BERS
Plasma Fusion Center, Masscichusets Instil me of Technology, Cambridge,
MA 02139, U.S.A.

I. INTRODUCTION
Hlccirons having highly anisotropic. relativistic distribution functions arc frequently created in intensely
heated plasmas using electron-cyclotron resonance heating, and characterise intense, rclaiivistic electron
beams used in devices for generating electromagnetic energy. In this paper we present the absolute \crsus
convectivc nature and propagation characteristics of instabilities that are driven by beam-type electron
distributions representing such highly anisotropic electron plasmas. We study instabilities that propagate
along and perpendicular to the steady, uniform magnetic field in which the phsma exists.

II. SPACE-TIME PROPAGATION OF INSTABILITIES
The space-time evolution of linear instabilities in a plasma can be determined from an analysis of
the Green's function for the plasma. Thus, the pinch-point singularities that determine die time-asymptotic
behavior of the Green's function allow one to distinguish between absolute and convettive instabilities.
and to determine the time-asymptotic pulse shape of the instability [1.2.3]. In particular, we recall that
these analyses point to the fact that the propagation of instabilities cannot be studied by the usual means
of geometric optics in sta^c plasmas where one relics on local solutions of the dispersion relation, e.g.
fc(u;), and the concept of group velocity.
Previous analyses [1,2.3] for determining the time-asymptotic pulse shape of instabilities were,
strictly speaking, applicable only to nonrclativistic propagation (e.g.. electrostatic modes). We have
recently generalized the pinch-point analysis so that time asymptotic pulse shapes can be obtained for
relativistic-electromagnetic instabilities in three-dimensions [4,5]. Here, we summarize our results; the
detailed theory is presented elsewhere [6].
Let the dispersion relation, in the laboratory frame of reference, be D(k,u) = 0. The umc-asymptotL\
unstable pulse shape is determined by the pinch-points as seen by an observer moving with a velocity V
relative to the laboratory frame. For such an observer, the Fourier-Laplace transform of die Green's function
is given by D^'(fc',ui',F) = £>~l [£(£', u / , F ) ; w(fc',w',F)] where the unprimed and primed q>.j mtu-i u/c
related by well-known relativistic transformations [7]. The pinch-points (!:'„,w'n) are the nropei so', tic -, of
Dy = 0 and {dDv/dk') = 0. and the time-asymptotic pulse shape is determined by [maxu/ Ol (F)]/>.
Work supported in part by DOE Contract No. DE-AC02-78ET-51013, Air Force Contract F33615-81K-1426,
and NSF Grant ECS 82-13430.
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where (maxui(,,) is the maximum imaginary part among the unstable pinch-point frequencies in the
observer's frame and iv = (1 - V'ijc1)~ll'i.
In the following sections we shall make use of these results to illustrate die build-up and propagation
properties of instabilities in plasmas having highly anisotropic electron distribution functions.
III. RELATIVISTIC DISPKRSION RELATIONS
We assume an infinite, homogeneous plasma in a uniform magnetic field. Ti0. with the ions fanning
a stationary, cold, neutralizing background. In the unperturbed state the electron distribution function can
be taken as /0(p) = /o(pj_.7'n) where px (pn) is the magnitude of the momentum perpendicular (parallel)
to i?o- The perturbed electron distribution function is determined by the linearized, rclativistic Vlasov
equation:
ah,

p

ah

vx

fio

a/i

=

[-g i

px"i

1 a/o

m

The dispersion relation is obtained by using equation (I).with the complete set of Maxwell's equations. For
the two cases we choose to illustrate, namely k || 75O and E _j_ 7J0. and beam-type, anisotropic distribution
functions, the dispersion relation can be written as follows:
Case 1. k± = 0.
For this case we choose:
1

-,

For right-circularly polarized waves, we ihen find:

where
x

.-

u

'

2c2

where m = -y7n0, u\ = (n 0 e 2 /e o m 0 7) = w£0/7, u c = [eB0/~tm0) = uco/t, and -y2 = (l + (p 2 / m o c2 ))
n 0 being the density of the electrons and v0 — (p o /im o ).
Case 2, fc,, = 0.

witn

Here we consider the extraordinary waves propagating across the magnetic field. These waves are
elliptically polarized, and for a beam-type distribution of the form:
S

(

)«{)

(6)

the dispersion relation is:

where,

«

'- " ' 4 t
-

(10)

Figure 1. Dispersion relation for k±=0; real-u, (tDrf solid line) and imaginary-ui
(w^, dashed line) versus real-k.

.05

.1

Figure 2. Pulse shapes (symmetric about V = 0) for kj_=O. 1 and 2 are the
Whistler instability; 3 is the relativistic instability.
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0.6
Dispersion relation for k ||= 0 and different densities; real-tu
(<ur, solid line) and imagxnary--j (u^, dashed line) versus real-k.
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ure 4. Pulse shape (symmetric about V = 0) for instability near u c
(k||=0, u)p/aic = 0.1) .

164

./„ is the Iksscl function of n-th order, £ = [kj_v±o/mawrO)
respect to the argument.

and the prime indicates a derivative with

IV. RESULTS AND DISCUSSION
Case 1. k± = 0.
We study this case for the following parameters: wPo/wr.o = 0.2. « 1 0 /e = 0.2, «||0/c = 0. The
dispersion relation is numerically solved for w as a function of real fc. The ical (solid line) and imaginary
(dashed line) pans of u>/ur0 are plotted in Fig. 1. The scale on the right-hand side is for the imaginary
part. The rclativistic instability arises from the coupling of the fast electromagnetic wave to the rclativisiic
negative energy branch (indicated by the - sign on the graph) while the Whistler instability is due to the
Whistler branch coupling to the negative energy branch [8]. The rclativistic instability has no counterpart
in the case when we solve die non-relativistic Vlasov equation as die fast electromagnetic wave cannot
couple to the non-rclativistic negative energy branch.
We obtain the nature of the instabilities by applying the pinch-point technique described above under
I. The Whistler instability is an absolute one with a pinch-point at fc0 = ±oo, u o /u; rO = Q.Q8 + 0.028 i.
The rclativistic instability is also absolute with fc0 = 0, u o /w c0 = 0.993 + 0.02 i. Clearly, the Whistler
instability has the dominant growth rate. But, since its phase-velocity is less than c, it can be stabilized by
an appropriate temperature spread along B o in fB. This cannot be the case with the rclativistic instability
as its phase-velocity is greater than c. However, it can be stabilized by increasing the density of the plasma
so that the fast electromagnetic wave decouples from the negative energy wave. The condition for thus
stabilizing the rclativistic instability is:

where 0± = s_j_/c To order i32± the right-hand side reduces to (2/3^/7). For our parameters the relativistic
instability is stabilized for (up0/u>eo) > 0-29.
The two Whisder instabilities decouple for observer velocities, |V| > 0. However, for \V/e\ >
3.1 x 10~3 the pinch-point for one of the Whistler instabilities is dissolved by the relativistic instability
so that there are only two absolute instabilities left after that. The pulse shapes are plotted in Fig. 2. The
pulses labelled 1 an^ Z are for the Whistler instabilities and that labelled 3 is for the relativistic instability.
Case 2,fc||= 0.
In figure 3, we plot the dispersion relation for uj_0/c = 0.1 and for uv/we = 0.05, 0.1, 0.32. The
solid lines are the real part of u/uc while the dashed lines are the imaginary part of w/ue. The scale
for the imaginary part is indicated on the right-hand side. The instabilities occur at wc and its harmonics,
where the negative energy mode couples to the positive energy, extraordinary, electromagnetic modes [9].
For low densities the imaginary part of u is largest at vc while at higher density the dominant growth rate
is at 2uic.

Carrying out the relativistic pulse shape analysis for uip/u>c = 0.1 the instability at wc is found to be an
absolute one with the pinch-point given by « 0 /^ c = 1.005 + 5 x 10~3 «', fc0 = 0. The corresponding pulse
shape is plotted in Fig. 4. The instability at 2uc and higher harmonics is of the convective type. At u)r/uc =
0.21 the instabilities at uc and 2uc are both absolute with the pinch-points at uo/uc = 1.01 + 2.7 x 10~3 »,
(fco«j.o)/wc = 0.32 + 0.01i and wo/wc = 2.001 + 8.3 x 10~4 i, [kov±a)/wc = -0.218 + 0.092 », respectively.
In Fig. 5 we plot the pulse shapes for the instabilities at ue (solid line) and at 2uc (dashed line with,
the scales at the right-hand side and above). From the graph one can see that the absolute instability at u>c
is showing tendencies towards becoming convective. Since the pulse-shapes are symmetric about V = 0,
for higher densities the pulse splits up into two convectivc pieces moving in opposite directions. Thus,
the plasma is globally unstable but the instability is not a normal mode of the plasma. At up/uc = 0.32
the instability at ut is completely convectivc while the one at 2uc remains absolute. It is interesting to
note that for higher densities and harmonics the pulse edge moves out at a slower velocity than the pulse
edge velocity of the wc-instability at low densities. As the density of the anisotropic electrons is further
increased so that (wp/w,;) ~ I electrostatic instabilities with much larger growth rates will set in [9]. We
shall describe their space-time evolution in later publications.

26.5

-3
XIO

Figure 5. Pulse shapes (symmetric about V = 0) for k||=0, iUp/(iic = 0.21,
and instabilities near uic (solid line) and near 2u c (dashed line
with the correspondi"^ scales on top and right) .
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EFFECT OF SUPRATHERMAL ELECTRONS ON ECE-SPECTRA IN
W VII-A
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Abstract
Electron temperature profiles measured viewing along the larger radius of
W VII-A Stellarator by means of electron cyclotron emission (ECE) deviate
characteristically from those obtained via Thomson scattering. As one reason,
a small suprathermal population of electrons in addition to the thermalized
main part is supposed. To investigate this possibility, the radiation of
suprathermal electrons within the electron cyclotron frequency range was
calculated in the presence of the thermal background plasma. It was found
that the observed deviation can be well explained by such a suprathermal
population. By variation of the suprathermal parameters these theoretical
spectra were fitted to the experimental ones. The deviation of the measured
ECE temperature profiles from those measured by Thomson scattering was then
used to estimate density and energy distribution of the suprathermals.

G. Cattanei, D. Dorst, A. Eisner, V. Erckmann, G. Grieger, H. Hacker,
H.J. HartfuB, H. Jackel, R. Jaenicke, J. Junker, M. Kick, H. Kroiss,
K. Krusch, G. Kiihner, C. Mahn, S. Marlier, G. Miiller, W. Ohlendorf, F. Rau,
H. Renner, H. Ringler, F. Sardei, M. Tutter, A. Weller, H. Wobig,
E. Wiirsching, M. Zippe
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K. Freudenberger, G.G. Lister, W. Ott, F.-P. Penningsfeld, E. Speth
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In the W VII-A Stellarator an electron temperature of about 500 eV is obtained
with ohmic discharge and subsequent neutral particle injection and with a
toroidal magnetic field of 3.3 tesla. At this temperature, the space resolution of thermal electron cyclotron emission, determined by Doppler-broadening,
is about 1 cm if the direction of observation deviates not more than 4 degrees
from the perpendicular to the magnetic field axis (the plasma diameter is about
20 cm). The space resolution is deteriorated by the fact that the contours of
the total magnetic field |B | are inclined to the horizontal axis in the
Stellarator and that the observing beam diameter is rather large (see Fig. 1),
and in addition by

the frequency resolution of the receiver. Usually we use

a Michelson interfere.eter for spectrum measurements. At 3.3 tesla a total
space resolution of 3.5 cm for the second harmonic results.A computer code,
which considers those facts and also the ray refraction, shows that at least
broad, smooth temperature profiles should be well reproduced by our ECE
measurements (see Fig. 2 ) . However, frequently a typical asymmetric profile
was measured, especially during the neutral injection phase, which significantly deviates from Thomson scattering measurements. To get information about
a hypothetic population of nonthermal electrons, which might be responsible for
those deviations, a computer code for the emission of such electrons in a
thermal background plasma was set up.
]

'1B,

Cross-section of the
Fig.2. Computed measurable temperature
W VII-A plasma and viewprofile from the second harmonic
ing beam for the ordinary
extraordinary mode, compared to a
mode at a frequency corregiven real profile, in the case of
sponding to the second
thermal emission, the given paraharmonic. The broken straight
meters and the ray refraction of
lines are approxirr-tions of
Fig. 1. Wall reflections ? are
the [B |-contours. Abszissa
taken into account by the denominumbers in cm, big torus
nator l-^exp(-x). The space reaxis left-hand side, receivsolution is about 3.5 cm.
ing antenna right-nand side
at the wall radius.

W8

Many authors have worked on cyclotron emission of nonthermal electrons during
the l a s t ten years ( / I / to / 1 7 / ) . We followed the way of Boyd and Celata who
calculated the single p a r t i c l e emission perpendicular to the magnetic field
by the Schott-Trubnikov-formula:

integrated over the energy distribution function of the electrons to give
,

2
E = (Y~1) me .

We take the same distribution function as the authors mentioned above,
f(E) cf> exp(-E/EO) for E >_ SCO, and zero for E < ECO, and homogeneous density
(DENS) across a certain radius (RADUT). A further parameter is the ratio
Q

= v

n/vj_ which is assumed to be the same for all nonthermal electrons.

Additional assumptions are:
(a) the density of the nonthermal electrons is low, resulting in an optically
thin plasma component,
(b) the plasma is treated as a number of plane homogeneous sheaths perpendicular to the direction of observation, with magnetic fields B oc 1/R,
(c) the absorption coefficients which are responsible for the cyclotron absorption of the nonthermal radiation in the thermal background plasma and
for emission of the thermal plasma itself are taken from several papers
of Bornatici, Engelmann, and Cano (/18/ - /20/) for the first two harmonics
and of Engelmann and Curatolo /2l/ for the higher ones,
(d) multiple reflections between the walls and polarisation-scrambling is not
included,
(e) density and temperature distribution of the thermal part from Thomson
scattering measurements.
The emission spectrum of the ordinary and the extraordinary direction of
polarisation was calculated. The "temperature profile" obtained from the extraordinary second harmonic was fitted to the experimental profile measured with
the same mode by means of variation of the five parameters mentioned above.
Figs. 3 and 4 show the result for a typical shot where the profile was measured
during the neutral injection. The typical hump on the low field side of the pro-
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file can thus be explained by an amount of suprathermal electrons as low as
1 percent with a mean energy of 4 keV.
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Fig. 5 shows in its upper part a profile measured during recent ECRH shots
with a newly developed absolutely calibrated 8-channel-superhet receiver. The
signal from the channel in the very neighbourhood of the second harmonic of
the 28-GHz gyrotron with direct feedthrough has been omitted. The profile is
made up by several shots with slightly different magnetic fields to enlarge the
observable frequency range on the low field side. The center temperature is
about the same as measured via Thomson scattering. The slow decay at the lefthand side and the big hump at the right-hand side can be roughly reproduced by
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the nonthermal computer code with a somewhat larger and faster nonthermal
electron group than in the neutral injection case (see lower part of the
figure).
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Fig.5. Measured and computed profile
for an ECRH shot.
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FIRST RESULTS AND FUTURE PROJECTS FOR PETULA ECE
MEASUREMENTS
J. HOW, G. MELIN, A. GIRARD

Association EURATOM-C.E.A. - Département de Recherches sur la Fusion Contròlée
C.E.N.G.-85X-38041 Grenoble Cedex (France)

ABSTRACT : Electron Cyclotron Emission (ECE) diagnostics
on the Petula-B Tokamak. First results include extensive
total ECE radiation, integrated over 50-1000 GHz, during
drive operation, and preliminary interferograms from the
ferometer. Future plans are discussed.

are being installed
measurements of the
ohmic and current
polarizing inter-

1 - INTRODUCTION
It has been said that the measurement of electron cyclotron
emission (ECE) from a current drive Tokamak is a physicist's paradise. He
can happily fill his cupboards and drawers with thousands of different spectra
and involve himself and a team of theoreticians for many years in analysing
this data. Petula-B is such a tokamak, with almost 100% current drive being
produced by
lower hybrid (1.25 GHz) wave heating in the low density regime
(ne ^ 3-10 l3 cm~ 3 ) /1/. In an effort to tap this mine of information, a total
ECE detector, integrating over 50 to 1000 GHz, has been mounted, and MartinPuplett and Fabry-Perot interferometers are currently being installed. The
results are reported in detail in ref. 2 so this paper will be confined to
generalities about the experiment, and future plans.

2 - TOTAL RADIATION MEASUREMENTS
The total far-infrared emission is simply measured by a liquid
helium cooled InSb detector (QMC) via a 70 mm diameter wedged quartz window
and an oversized waveguide. Since installation in October 1983 this diagnostic
has provided useful information about many facets of the Petula Tokamak
operation, and the authors recommend that, because of its simplicity, such
a measurement be made as a standard machine diagnostic on all Tokamaks,
independently of other ECE diagnostics. The following information can be
deduced from this measurement.
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a) The control of plasma breakdown and current build-up, i.e. whether much
of the initial energy goes into producing a runaway population, and the
effectiveness of the gas puffing in killing these runaways.
b) The global electron temperature time dependence for thermal plasmas. Since
the emission is dominated by the radiation at the 2nd harmonic, the total
ECE radiation follows the global temperature. Characteristic of this type
of plasma are fluctuations of the ECE due to saw-tooth and MHD activity. At
high density the third harmonic can have an effect on the integrated spectrum
giving some density dependence. This can either be tolerated as an error or
eliminated with a simple low pass scatter filter.
c) The presence of runaways. The total ECE level increases by up to two
orders of magnitude with the presence of runaways. Since the relativistically
shifted 2nd harmonic still dominates, and all the higher harmonics grow, the
total emission is far more sensitive to runaway emission than a measurement
at one frequency alone. Indeed a Fabry-Perot would have to have extremely
good (> 60 db) selectivity in order to distinguish emission at a single frequency from this broad spectrum. Characteristic of this type of emission is
the lack of saw-tooth and MHD structure, and the frequent appearence of an
inverse saw-tooth - like emission due to pitch angle scattering of the fast
electrons by a kinetic instability.
Fig. 1 shows the density dependence of the total emission in
Petula-B (open circles). It is important to note that1 3the density limit
below which runaway electrons are produced (% 2 x 10 in fig. 1) is a strong
function of the impurity level. This limit is very useful in establishing
the cleanliness of the plasma at the start of a days run. The non-thermal
emission during current drive is also shown (closed circles and crosses) ;
however the hard X-ray emission measurements indicate an important difference
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between these radiations. That with current ^rive is from a low energy runaway tail (< 200 keV) while that of the low ^nsity runaway plasma is caused
by a very high energy runaway population.
Fig. 2 shows the raw ECE signals from two current drive discharges
as a function of time. Typical of this type of shot are a radiation level
during current drive 80 times that of a thermal plasma, and the appearence
of large kinetic instability "spikes" as shown on 2b. The behaviour and
control of these instabilities are discussed extensively in 111.
3 - MARTIN-PUPLETT INTERFEROMETER
A Martin-Puplett type interferometer similar to that used on the
LT-4 Tokamak /3/ has been installed on Petula-B. It is intended that this
interferometer will give the time development of the temperature profile
during high density, lower hybrid heating experiments, and also ^ive information about the runaway population during low density current drive operation.
The system, shown in fig. 3, uses two scanning plane mirrors in
order to increase the path length and decrease the scan time. The vibrators
are driven directly from the mains, giving a scan path difference of 24 mm
in 10 msec. This is equivalent to an optical path difference (o.p.d.) of
48 mm for a simple Fourier transform, or an o.p.d. of 96 mm for single sided
symmetric Fourier transforms, with a corresponding maximum resolution of 3 GHz.
The interferograms are acquired in CAMAC by a Lecroy 10 bit (Model 8210)
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digitizer clocked by a voltage-to-frequency converter driven by the sum of
the mirror velocities as derived, from the vibrator back EMF. Interferograms
taken during thermal and current drive discharges are shown in Fig. 4, and
the corresponding spectra may be presented at this workshop if we can get
the computer going+. A dedicated Intel 310-3 mini computer is currently being
programed to handle all Petula-B ECE data and will be in operation shortly.
In order to investigate the relativistic and Doppler shifts of
the emission spectra during current drive, a double periscope light guide
system is being installed (fig. 5). Because of the excellent access to
Petula-B (the 70 mm diameter quartz window is only 40 mm from the torus
inner wall) the two periscopes can be rotated to look toroidally up to 30°
to the perpendicular. The Doppler shift will be a function of angle (if the
plasma is "black") while the relativistic shift remains constant. The light
guide diameter 25 mm, is a compromize between access and antenna pattern
(+ 7°), and a mode filter gap is included to avoid higher modes. Note that
the rotating periscope facilitates calibration of antenna pattern and
frequency response of the system.
4 - CONCLUSION
Measurements of total ECE radiation on Petula-E has given considerable information about many facets of the plasma operation. However, in
order to study development of the temperature profile for thermal lower
hybrid heating experiments, and to study the energy distribution of the
runaway-tail produced by current drive experiments, a Martin Puplett type
interferometer is being installed.

Editor's note: the spectra have, br.en inserted in Fig. ibis
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