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ABSTRACT:

Plasma build-up and heating of a "currentless" plasma by means of ECR wave ir-
radiation 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 iû de and irradiated in 0-mode orientation
(E 1/ Bo, k_L Bo) into the torus. The nonabsorbed part of the RF power was re-
flected into the plasma in the X-mode by a focussing polarization twist reflec-
tor mounted to the inner torus wall.

As a main result the heating efficiency has been slightly improved by the tran-
sition 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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1. INTRODUCTION

For the last few years electron cyclotron wave heating (ECRH) has been success-

fully applied to several magnetically confined fusion systems. ECRH is of partic-

ular interest for stellarators, where neutral gas breakdown and subsequent heat-

ing of a "currentless" stellarator plasma can be provided. At the Garching stel-

larator W VII-A /I/ ECRH experiments were started to develop the optimum sys-

tem 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 % TEQ2 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 im-

proved version of irradiation. The transmission line and its basic components
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are described in detail in /2/. A short summary only will be given here: The

28 GHz gyrotron mainly emits the TEQ2 mode (~ 80 %) with smaller fractions of

TE,01 (A. 7 %) , TE03 ( 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, TE o n -¥ TEQJ and TEQI -> TE^ using the techniques of periodic

wall perturbations /3,4/. A third converter for the almost perfectly polarized

HÊ -j mode meanwhile has been added and successfully tested at full power. The

highly efficient RF components, developed at the IPF Stuttgart, provide an over-

all 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 de-

viations from the ideal power distribution patterns (e.g. elliptic for TE^ and

circular for HE-M) can be seen. This can be explained by small fractions of

TE02

TE01

TE,

HE, Fig. 2:
Mode conversion TE02 "**TEoi -»-TEii
* H E n measured by thermographic
paper mode pat tern 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 ro-

tation 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 TEQ2 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 ivergent , double coned rad ia t ion p a t t e r n as shown in F ig . 3 . The c i r -

IBU CONST

HOLLOW RF-BEAM
( T E 0 2 - M O D E )

HELICAL WINDINGS

OPEN-ENDED
/CIRCULAR WAVEGUIDE

MAGNETIC
SURFACES

UPPER HYBRID
RESONANCE LAYER

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 den-
1 8 —3 19 —3

sities close to the cutoff value (neo ** 7-10 m , ne(cutoff) = 10 m ).

Variation of RF power ?„„, plasma density ne, and rotational tranform -6 in com-

bination with 1-D transport calculations led to informations about plasma con-

finement. As a result it was concluded that the central part of the plasma

column behaves neoclassically, whereas anomalous losses in the form
v 2 /3/I °<-1/n -T may be present in the outside regions. The measured radiation
3X1 6 6
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,
1 fi — 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 di-

vergent 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 ~ 0.3).

plasma vessel

During the RF pulse an almost linearly growing toroidal current could be ob-

served 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 elec-

trons 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
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Fig. 4: 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 re-

sulted in only a modest increase of the heating efficiency, however. On the

other hand the central electron temperatures could be raised remarkably at sim-

ilar 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 con-

cluded that the absorbed fraction agrees well with single path O-mode absorp-

tion /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 fluctua-

tions 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 deposi-

tion around the conversion zone. This assumption is supported by spatially re-

solved 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 tem-

perature of 500 eV can be deduced from the CX-spectra in case of higher ro-

tational transform ( JC = 0.46, 0.63). According to the spectra shown in Fig. 6,

Fig. 6:
3 CX-spectra showing fast ion ta i l

E[keV| formation at strong X-mode irra-
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

( <£ =0.17 ) 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 de-

tails 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 experi-

ments 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 =

-V . + K, . is kept constant at an optimum value by a suitable reduc-extern current r r J

Plaima Currant

500*

Plasma Energy

50 Wa

*" to f ( a l

ftxttrn(a)

. t i m i )

RF start

(a) (b)

Time behaviour of toroidal
piasma current and plasma
energy for
(a) controlled, constant *Ctot

(good confinement)
(b) uncontrolled, slightly in-

creasing •£ tot
(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.

Incident wave

Typical beam divergence

X-mode from high field side

Typical power

Plasma parameters

Heating efficiency

Radiation losses

Absorption profile

Absorption mechanism

Decay waves, ion heating

Current drive

TE02

50 % 0-mode, 50 % X-mode

^20°

no

160-180 kW

T ~700 eV
eo
T. ~ 150 eV

n = 6-7-10 is
eo

W 1 «v 120 Ws
Pl

~ 40 %

5-10 kW

broad

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

no

yes

TE11

90 % 0-mode, 10 % X-mode

~5°

yes

160-190 kW

~1200 eV

<v 150 eV

= 5-6-101V3

•— 160 Ws

~ 50 %
(30 % at lower temper-
ature)

5-10 kW

narrow

0-mode
(Rernstein wave absorp-
tion in edge region ?)

yes

yes

TABLE 1 : Main results for "simple" TEQ2 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

(<â <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 rea-

son 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 hy-

brid 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 k || ! rather than reflecting the wave in the f>cussed

X-mode with k X B .
o
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