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, Preface

A joint workshop on Electron Cyclotron Emission (ECE) and Electron Cy-
clotron Resonance Heating (ECH) was held in San Diego, California, on November 9
and 11, 1985. This meeting was sponsored by GA Technologies Inc. On November
12, 1985, the Gyrotron User's Meeting was held under U.S. Department of Energy
sponsorship. Papers presented at both meetings are included in this volume because
of the close relation of the work involved.

The aim of these workshops was to provide a forum for discussion of recent ex-
perimental and theoretical progress in the areas of ECE, ECH, and their associated
technologies, and an opportunity for specialists in each area to exchange informa-
tion and ideas. A total of 43 papers was presented. The papers presented here are
reproduced directly from the authors' manuscripts.

" We would l_ke to thank D. Remsen and A. Valverde for their help with the
management of the meeting and P. Turner for assistance with this publication. We

. would aim like to thank the session chairmen (D. Boyd, S. Tamor, A. Cavallo, A. Kritz,
and T.V. George) for their help and support.

I R. Prater #_ vj,. ,

Lohr
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First Measurements of Two Dimensional

" ElectronTemperatureProfileson JET

A.E. Costley, E.A.M. Baker," D.V. Bartlett, D.J. Campbell,
M.G. Kiff," S.E. Kissel, G.F. Neill, and P.F. Roach

JET Joint Undertaking, Abingdon, Ozon, OX14 &EA, UK
*National Physical Labora_Or_l, UK

ABSTRACT

The Spatial Scan ECE System on JET is briefly described. The employed

. method of calibration is outlined. The first results obtained with some of

the oblique viewing channels are presented, and these confirm that the

emission is localised in the vertlcal direction as well as in the radial
A

direction. Full interpretation of the results requires the use of an

interpretatlon/simulation code which is presently being developed.

I. Introduction

Electron cyclotron emission (ECE) is an established diagnostic for

measuring the spatial dependence of the electron temperature along a

diameter of tokamak and stellarator plasmas. By viewing the plasma along

different lines of sight, however, there exists the possibility of

obtaining the full spatial dependence of the electron temperature in the

poloidal cross section. From such measurements it should be possible to

construct the lines of constant temperature (isothermals) and these can be

compared with, for example, magnetic flux contours determined independently

from equilibrium code calculations. The Spatial Scan ECE System on JET has

been designed and constructed with this aim in view. During the last

operating period of JET (January - June 1985) some preliminary results were

" obtained with four channols of the measurement system. These first results

are presented in this paper'. A brief description of the measurement system

• and an outline of the method of calibration employed are also given.
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2. Measurement System

The Spatial Scan ECE System on JET was described at the last ECE/ECRH

workshop /I/. Briefly, it consists of ten antennae mounted inside the JET

vacuum chamber whicl_ view the plasma along different lines of sight in the

poloidal cross-section. Crystal quartz windows form the vacuum break, and

a ten channel, - 40 m long, oversized S band waveguide run containing - 12

mitre bends tansmits the radiation to the measurement instruments. These

are located on the shielded side of the biological protection wall. A

free-standing wire grid polarizer is mounted in each channel near the

vacuum vessel so that the emission in either the extraordinary or the

ordinary mode can be selected. The measurement instruments are four low

resolution rapid-scan Michelson interferometers, six Fabry-Perot

interferometers and one high resolution Michelson interferometer. Each

instrument is fitted with a liquid helium cooled indium antimonide detector

(QMC type). The low resolution Michelsons are capable of measuring the

emission in the range 90 < f < 600 GHz with a frequency resolution - 10 GHz
A

and a time resolution _ 15 ms, while the high resolution Michelson can

measure the emission in the range 40 < f < 600 GHz with a frequency

resolution -3 GHz 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 emission in limited regions of the spectrum, eg.

100 < f < 180 GHz with a frequency resolution -5 GHz and a time resolution

_ 3 ms, while in the static mode they measure the time dependence of the

emission at fixed frequencies with a time resolution limited only by the

detector bandwidth (-500 kHz) and signal to-noise considerations. The

system is controlled and monitored through the JET Control and Data

Acquisition System (CODAS), and is fully compatible with the planned D-T

phase of JET operation.

Thus far four channels have been used routinely to make measurements of

extraordinary mode ECE: a horizontal channel 13 cm below the told-plane and

three channels which view the upper half of the plasma at different angles

with _espect to the told-plane (17.5 o, 25.5 o, 33o), Figure 3(A). These

channels are equipped with the four low resolution Michelson

interferometers and the interferometers are operated synchronously, to give

simultaneous measurements. In addition, some measurements have been made
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' with a channel exactly on the mid-plane using a Fabry-Perot interferometer

operating in the static mode.

From the emission measured in the second harmonic of the electron cyclotron

frequency, the time and spatial dependence of the electron temperature is

determined using frequency to space and intensity to temperature

transformations. Full account is taken of the internal magnetic fields

(poloidal field, diamagnetism) because they are significant in JET plasmas.

For the second harmonic, overlap with the third harmonic limits the region

over which the temperature can be determined unambiguously to

2.8 < R < 4.2 m (R is the major radius), and since a full size JET plasma

fills the region 1.7 < R < 4.2 m, just over half the electron temperature

profile is obtained. Antenna pattern width and spectral resolution average

the temperature information over a volume -15 cm (FWHM) along the llne of

. sight and ~15 cm (FWHM) perpendicular to the llne of sight. The signal to

noise in the measurements is _ I00:I.

3. Calibration

The four Michelson observation channels were calibrated with a portable

source developed specially for this purpose by the National Physical

Laboratory, UK /2/. Briefly, this source consists of a large area

(20 x 20 cm 2) hot plate (- 750 K) with an emissivity > 0.8 in the frequency

range of interest. During the summer shutdown of JET (July-September 1985),

the source was mounted inside the vacuum vessel close to the end of the

antennae. For each observation channel, interferograms were recorded with

and without (ambient temperature) the source. By taking the differences

between these interferograms the contribution due to room temperature

background radiation was removed. Coherent addition was used to give good

signal to noise and typically 10e interferograms per channel were averaged.

The channel 13 cm below the mid-plane was also calibrated with a microwave

absorber immersed in liquid nitrogen (77 K). Thi._ calibration was also

carried out with the source mounted inside the vacuum vessel.

The result of the calibration process is a determination, for each channel,

of the responsivity of the whole measurement chain, i.e. the system

response. The uncertainties in the determination of the system response

EC-5 SAN DIEGO, NOVE/WIBER 1985 5



B

are the dominant source of uncertainty in the measured electron temperature

- it is therefore important to estimate these uncertainties. For the

measurements made on JET, we believe the uncertainty on the absolute level

of the measured response, and therefore the uncertainty on the level of the

measured temperature, is about ± 103. The uncertainty on the frequency

dependence, and therefore the uncertainty on, the shape of the temperature

profile, is believed to be about ± 53. For the two dimensional

measurc_ments the uncertainty on the relative channel to channel response is

also important, and we believe this also to be about ± 5_. In all cases

the dominant uncertainties are systematic.

Because access to the vacuum vessel can be galned only very rarely, the

long term stability of the system has also to be considered. Steps to

ensure the system is stable have been taken: it is mechanically rigid, no

components are moved or changed, and the detectors are kept permanently at

liquid helium temperature. Measurements made on one observation channel

over a period of nine months show that the response of the system external

to the vacuum vessel is constant to wiShin a few percent.

Techniques for calibrating Fabry-Perot interferometers independently are

not yet available, and so the Fabry-Perot was calibrated against the

nearest Michelson observation channel (13 cm below the told-plane).

Techniques for calibrating Fabry-Perot interferometers are presently under

development /3/.

4. Results_

Many measurements have been made with the observation channel I3 cm below

the midplane and these have been used extensively in studies of plasma

physics phenomena on JET. For example, ECE measurements have played a

central role in studies of energy confinement, sawteeth and the related

phenomenon of heat pulse propagation, major disruptions, and plasma

start-up. Some examples are shown in Figures I and 2.

Measurements have also been made with the four calibrated channels of the
o

Spatial Scan System but thus for only a few measurements have been

processed. An example is shown in Figure 3. In the figure we show the

6 EC-S SAN DIEGO, NOVEMBER 19as



' projection on the mid-plane of the measured electron temperature along the

z _4.0MA
four different lines of sight for a plasma with BT 3.4T, lp

. n -4.2x10_m -s, and elongation (helght/radial diameter) _ 1.44. Theeo

measurements are made at one particular time in the discharge during the

current flat top.

For the two-dlmensional measurements, the first important point to

establish is that the temperature information is localised in the vertical

direction as well as in the radial direction. Information on this can be

obtained by observing the time and spatial dependence of the

measured temperature profiles through a single sawtooth oscillation. In

this case it is expected that the temperature in the centre of the plasma

changes substantially while the temperature in the outer plasma regions

changes relatively much less. Measurements on sawteeth have been made, and

in Figure 4 we show the time and space dependence of the temperature

through a single sawtooth oscillation. Note that only the temperature in

the central channels changes substantially, confirming that the temperature

. information in indeed localised in the vertical direction. To clarify this

point, the profiles measured immediately before and after the sawtooth

collapse are shown in Figure 5.

In the deduction of the temperature profiles shown in Figure 3, 4 and 5

account is taken of the internal magnetic fields in the plasma. A

cylindrical model with elongation is assumed. However, the proper

interpretation of the two-dimensional measurements requires that effects

such as refraction, harmonic overlap, llne broadening, the polarization

state of the radiation, and instrumental effects such as the finite antenna

pattern and frequency resolution, be properly taken into account. In order

to do this a simulation/interpretation code is required. A suitable code

is being developed and this is described in a companion paper /3/. The

combination of the measurements and the interpretation code will allow us

to determine the isothermals in the poloidal cross-sectlon and this will be

the next significant development in this work.

5. Conclusions

A system capable of measuring the temporal and spatial dependence of the

electron temperature in the poloidal cross-section of JET has been designed

EC-S SAN DIEGO, NOVEMBER 19aS 7



and constructed. Four of the ten channels have been absolutely calibrated

and some preliminary measurements have been made. 1_neseconfirm that the

temperature information is localised in the vertical direction as well as

in the radial direction. Full interpretation of the data requires the use

of a code to take into account effects such as refraction, harmonic

overlap, and instrumental effects, and this will be the next significant

step in this work.
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Simulationof JET ECE Spectra

Along Multiple Chordsand

Comparisonwith Experiment

G. Ramponi,* A. Airoldi," D.V. Bartlett, M. Brusati,
S. Nowak, and A. Orefice*

JET Joint Undertaking, Abingdon, Ozon, OXI_ SEA, UK
"EURATOM-CNR bunion Association, Milan, Itallt

ABSTRACT

This paper describes the current status and most recent developments in the

JET ECE simulation code. Simulated spectra generated by the code are

compared with those which have been measured in the four operational

channels of the diagnostic. The motivation for measuring two dimensional

electron temperature profiles, and the techniques employed, are discussed

in the companion paper by Costley et al. at this workshop.

INTRODUCTI ON

To exploit fully the possibilities offered by the multi-channel ECE system,

account must be taken of various physical effects not generally important

in ECE measurements. Some of these effects will be of added significance

at the high electron temperatures expected in JET. The first step in the

interpretation of two-dimensional temperature profiles is the simulation of

measured spectra: if a reasonable agreement can be obtained between

calculated and measured spectra, then information generated as a part of

the calculations (eg. look-up tables of refraction) can be used with

confidence for routine interpretation of the measurements.

The simulation is designed to be as complete as possible. All the relevant

physics related to the generation and propagation of the radiation are

modelled, and the important aspects of the measurement system are also

included. The operation of the code is reviewed in the next section. In

the last section the results of the first comparison with multi-channel

experimental data are presented.
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, THE SIMULATION CODES

The present work is aimed principally at the interpretation of temperature
measurements. While it is useful to be able to simulate the entire ECE

spectrum (as a check on the behaviour of the models) the spectral regions

of mos ,_ interest are the second harmonic extraordinary mode and the first
harmonic ordinary mode, since it is here that the plasma is generally

optically thick. Only at the plasma edges (ie. particularly in the outer
oblique channels) do we expect to see any influence of wall reflections.

lt follows that the wall reflected intensity is, for temperature
measurements, only a perturbation and it is not necessary to seek an exact
model.

The approach taken for these codes is to treat wall reflections with a
simplified model and to attempt detailed and accurate calculations only for

a single-pass of the radiation through the plasma. Where the plasma is not

entirely opaque, this leads to a considerable saving in computation time
compared to a method which attempts a full ray tracing calculation in

realistic geometry. The outputs of the two computations, "single-pass" and

"reflections" are simply combined by taking account of the plasma optical
depth calculated by the single-pass code, as well as the emission
intensities generated by the two models.

Instrumental effects may also b_ taken into consideration. The most

important of these is probably t_Le antenna pattern width which is modelled,
in this geometrical optics approach, by calculating a group of rays for

each antenna and making a _eighted average over them. The instrument
function of the spectrometer can also be included if necessary.

The Wall Reflection Model

Most previous calculations of ECE in tokamaks have used one of two models

of wall reflections: the "plane-parallel" model (eg. [I]) or a
"ray-tracing" model (eg. [2]). These represent two extremes of complexity.
The plane-parallel model, which supposes a slab plasma lying between plane,

parallel reflecting walls, leads to a straightforward analytic solution at

the cost of physically unrealistic assumptions. In particular, it is not
reasonable to assume for the oblique channels in JET that the radiation
propagates back-and-forth through the same region of plasma. At the other

extreme, some authors have attempted to trace rays (perhaps with refraction

included) through many reflections and passes through the plasma. Apart
from the obvious computational cost, there must be doubt about whether the
geometry of the wall can be included with sufficient detail, and the

density profile be known with sufficient precision, to justify this

approach for more than a couple of passes through the plasma.

The model developed for the JET simulations [3] attempts to by-pass these
problems by describing the walls as "diffuse reflectors". This is similar

to a technique used.to evaluate black-body cavities at optical wavelengths:

the interchange of energy between ali the points on the walls of the cavity
is written as a set of integral equations which are solved (generally

numerically) to give the intensity distribution at the exit aperture. In
the case of a plasma, the calculation is complicated by the presence of the

EC-S SAN DIEGO, NOVI_VKBER 198S 11



resonance layers. To Keep the computation reasonable (they will be

repeated for many different plasma conditions) we make the following
assumpt ions:

I) The plasma is taken to be two dimensional, ie. limited to the poloidal
cross-section. This assumption could be avoided, at some computational

cost. (For optically thin emission, an analytic integration over the

toroidal angle can be made [4]).
2) Refraction is ignored.

3) The wall reflections are assumed completely diffuse (in the poloidal

plane), but polarization "scrambling" is included. There are two
diffuse reflection coefficients, one for the intensity reflected in the

same polarization (rD) and the other for reflection into the

opposite polarization (rc).

2) The emission and absorption are calculated using t.hesingle
space-locallzed expressions of Bornaticl et al [5J-

The vacuum vessel wall (a line rather than a surface in this 2-D model) is

divided into a set of N sectors, assumed small enough that the incident

intensity will be constant across each one. The power transfer between

every pair of sectors (taking into account both the geometry and plasma
absorption) is incorporated into an N x N matrix. The emission received

directly from the plasma onto each sector forms a I x N vector. Using the
assumed wall reflectivity (including "polarization scrambl_ng" if desired)
a matrix equation describes the evolution of the intensities on the wall at
each reflection.

This matrix equation is most easily solved by iteration. In practice, it

is found that 40 sectors are enough and 20 to 30 iterations give good

convergence.

The Single-Pass Emission Calculation

The code operates within the framework of the geometrical optics

approximation. The limitations that this implies are discussed below. It
calculates the eml tted int ensities and optical depths for the two
characteristic modes (E- and 0- mode) in the frequency range from the first

to the fourth harmonic. These quantities may be calculated along ray

trajectories with an arbitrary direction of propagation in the plasma. The
following physical effects are taken into account:

I) refraction in three dimensions,

2) a relativistic treatment of all the signficant line broadening
mechanisms,

3) the presence of the poloidal and diamagnetic (or paramagnetic) fields

in the plasma,
4) overlap between the different harmonics,
5) the state of the polarization leaving the plasma.

Much of the essential physics of the single-pass emission calculation has

already been described [6,7]. It is reviewed briefly here and the recent
additions to the code are described in more detail.
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' The trajectory of each ray is obtained by solving the Hamiltonian system of

geometrical optics equations in full toroidal geometry [8]. The cold
plasma dispersion relations are used, since any departures from these

• expressions due to warm plasma effects are expected to be limited to the

core of strongly absorbing cyclotron resonance layers. Emission from these
regions should be re-absorbed before escaping the resonance and therefore
not observable.

While the cold plasma dispersion relations are both convenient and adequate

for ray tracing, weakly relativistic warm plasma theory [9] is required to
evaluate the local absorption coefficient. Numerical solution of these

expressions gives results valid for arbitrary directions of propagation

with respect to the magnetic field. This is essential to the JET

simulations, since for typical values of the electron temperature Te, and
parallel component of the refractive index n//(ie, the propagation
direction with respect to the magnetic field), analytic approximations are

not accurate. An example which illustrates this is shown in Figure I. For

propagation exactly perpendicular to the magnetic field, the analytic
solution (assuming only relativistic broadening) is valid and the results

agree with our numerical calculations. At large angles (Figure Ic), the
numerical results are close to the non-relativlstlc analytic formula

(Doppler broadening). However, in the intermediate region (Figure lh)
where most calculations for JET are made (see next section) the analytic
formulae are not accurate.

The present version of the code assumes a Maxwelllan (thermal) plasma.
Kirchhoff's law is used to obtain the local emission coefficient, and the

radiation intensity leaving the plasma in each of the two polarization

modes is computed by using the well known integral solution of the

radiation transport equation [10].

Finally, harmonic overlap is taken into account by combining the
intensities and optical depths calculated, at a given frequency, for ali

the harmonics present in the plasma. For the present simulations, it is
sufficient to allow for three harmonics in the plasma at any frequency. If
these harmonics are numbered (£-I), Z and (£+I) with corresponding

radlat_.on temperatures Tr(£-1), Tr(Z) , Tr(£+1) and optical depths T(£-I),
_(£) and _ (£+I), then the total single-pass emission is given by:

T = Tr (£+I) + Tr(Z). e-_(£+I) + Tr(£-1). e-(T(£+I)+_(£)) ....(I)

Any change in polarization of the radiation between the point of emission

and the receiving antenna is of crucial importance to the diagnostic since

only in the "local extraordinary mode" in the plasma is sure to be
optically thick (for the second harmonic). In JET the antennae select

vertically polarized radiation, which may not correspond exactly with the
extraordl nary mode.

For the slngle-pass emission calculatlons, it is assumed that the two
. characteristic modes propagate independently of each other. This

condition, which forms part of the geometrical optics approximation [11] is
true when :

• Ik2 - I" ,2>> ....
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where kI(_) and k2(w) are the wavenumbers of the two characteristic modes,
of frequency r_ and L is a typical length scale. Equation 2 is satisfied
across most of the second harmonic for typical JET conditions. Hence the

polarization of the waves leaving the plasma edge will be that of the local

extraordinary (or ordinary) mode at the edge, as determined by the local
dispersion relation.

To determine the intensities in the linear polarization received by the

antenna, we first evaluate the polarization vector for the two modes in the
"intrinsic" coordinate system (whose 3 axes are: along the component of the

wave vector perpendicular to the total magnetic field, along the magnetic

field, and perpendicular to these two). The expressions for the
polarization in this system are given, for example, in [8]. These
coordinates are transformed into a system defined by the antenna axis and

polarization. Components of the resulting (generally elliptical)

polarization then give the fractions, Px of E-mode emission and (1-Px) of
the O-mode emission collected by the antenna in one of its linear modes.

The total intensity received is the sum of these two components.

_/xI'Bp/BT)bn//,the wherepoloidalthe
The important parameter in determining Px is Fb = /
suffix b denotes that the parallel refractive

field Bp, and the toroidal field BT, are evaluated at the plasma boundary.
For very small n// (< 10-2 ) the polarization of the E-mode is almost linear
and the result reduces to:

Px = c°sa (arctan (Bp/BT) )b "'"(4) "

When n// is larger (the typical case in JET, particularly for the oblique

antennae) the E-mode is elliptically polarized and Px is related to Bp/BT
in a less simple way, showing also a frequency dependence.

These features are illustrated in Figure 2 where the results of the
numerical calculation are shown for a horizontal antenna (part a) and one

inclined at an angle of 33° to the horizontal (part b). The polarization
effects can be seen to be quite important, especially at low plasma q and

in the oblique antennae.

RES ULTS

The plasma data required for the simulations comes from several sources.

The temperature profile is taken from the ECE spectrum measured by the near
mid-plane antenna (second harmonic E-mode in the outer half of the plasma,

with corrections for the internal magnetic fields), while the density

profile ts derived from Abel inversion of the data from a multi-channel
interferometer. The two dimensional spatial variation of these quantities

is obtained by assuming that they are constant on the magnetic flux
surfaces derived from equilibrium code calculations based on the magnetics

measurements outside the plasma. Other parameters required include the
vacuum vessel wall reflectivity, which is adjusted to give the best fit in

the optically thin parts of the spectrum, and the instrumental antenna
pattern. Convolution of the spectra with the instrument function of the

spectrometers has not been included in the calculations presented here.
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' Figure 3 is a typical refraction calculation for the four antennae

currently used for measurements. For this plasma, BT=3.4T, Io--_.OMA,
na_=4.2xi 0 I9m-3 ,

smallT_=3.5keVin and the elongation = 1.44. In this case, the• refraction is both the poloidal and toroidal directions.

Figure 4 shows the first attempts at matching the simulated spectra to
those obtained in the experiment. The simulated spectra include the
contributions of both E-mode and O-mode intensities to the linear vertical

polarization transmitted by the antennae. The plasma chosen is the same as
that of Figure 3. For each of the four antennae, the experimental spectra

are plotted with simulations obtained using two different sets of
reflectivity parameters.

The simulations show that the second harmonic is optically thick in the

E-mode for ali antennae and, as expected, largely insensitive to the choice

of reflectivity coefficients. Therefore, valid temperature measurements
can be made over most of the poloidal cross-sectlon. For the most accurate

work, account will have to be taken of the small fraction of optically thin
O-mode radiation coupled into the antennae, but the necessary correction

will not be strongly dependent on the reflectivity coefficients.

The comparisons with the measured spectra show that the model is accurately

predicting the emission spectrum for optically thick low frequencies and

viewing directions near the mld-plane, but significant discrepancies exist
between simulated and measured spectra for other conditions. At low

frequencies these discrepancies could be due to simplifications in the
present calculations of some instrumental effects (in particular the

antenna patterns), while at the optically thin higher frequencies they

could be due to simplifications in the present reflectivity model (eg. wall
reflectivity independent of poloidal location). Better agreement between

simulated and measured spectra is required before the code can be used to
build the look-up tables required for temperature measurement

interpretation, and so work on both these points is in progress.
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Fl_re (1): Plots of absorption coefficient at fixed frequency F=191 GHz
(E-mode), as a f_u_otion of major radius tor the p_asma
conditions: Teo=l keV, Bo=3.47, neo=2.Sxl0_'m -=. The output or"
the numerical calculation is compared with the analytic _ormulae
or" Ref. 5. The three eases shown correspond to dit't'erent ansles

or" propagation with respect to the magnetic t_ield: (a) n//=O.
(e=90o); (b) n//-.16 (O=81o); (e) n//=0.73 (®-43°).

(A) (B)
i H i i i

Figure (2): The f'raction ot_ _-,_ode intensity received by the ECE antennae
(px) _or three dit't'erent plasma eondtt[on_ and t_o different
antennae: (a) Antenna 6, (Horizontal): 1)Pulse 2037, Fb=3.?xlO-';

2) Pulse 3047, Fb=2XlO-== 3) Pulse 1327, Fb=l.7xlO-3;
Antenna 1 (oblique): 1) Pulse 2837, Fj_ 5.5x10-=; 2) Pulse 3047,
Fb=2.SxlO-=; 3) Pulse 1327, Fb=l.3xlO =.
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Figure (3): Ray traces for the four antennae with which measurements have

been made. The antenna pattern is illustrated by calculating

rays at _+ 4.5 o. For each antenna the plasma data is that of

puls_ 5486, The radiation frequency, 190 GHz (E-mode),

corresponds to about the pla.-ma centre at 3.4 Tesla toroidal
field.

" ". . a';.

' 11

.... PtSJ._! .--,, , , ' ,f_l't

....I lC}

_. _, lira _. lM. lm.

p w0_1 P_;

Figure (4): Comparison of simulated and measured spectra for pulse 5_86. The
unbroken lines are the experimental spectra and the broken lines
are the two simulations with different reflectivlties:

(A) Antenna 6: I) rc-O , rD.O.65 and 2) rc-0.32, rD-0.33

(B) Antenna 3: I) rc-O , rD.O.65 and 2) rc-0.38, tD-0.39
(C) Antenna 2: I) rc-O , rD=0.89 and 2) rc-0.42, tD=0.46

(D) Antenna I: I) rc.O , rD-0.925 and 2) rc-0.41, rD=0.52

o
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ABSTRACT

The latest generation of tokamaks (TFTR, ,JET, JT-60) with their large major

radii (R > 2.5 M) and toroidal fields (BT > 3.5 T) are well suited for

electron cyclotron emission (ECE) diagnostics. A fast scanning heterodyne .

receiver (radiometer) and a Michelson interferometer have been developed and

operated to support the plasma confinement studies in the Tokamak Fusion Test

Reactor (TFTR). Thls paper will examine some of the issues important to ECE

diagnostics on TFTR, review the instruments, and show examples of measurements

made during a variety of plasma experiments.

I. Electron Cyclotron Emission on TFTR

An examination of the emission properties of a hlgh density ohmically

heated helium plasma in TFTR illustrates some of the important aspects of the

electron cyclotron emission. Figure I shows the location of the electron

cyclotron resonant frequency for the flr,st three harmonics, the frequency

cutoffs, and other resonant frequencies in a (n = 6 x I019m-3, Te = 3 keV, BT

= 4.8 T, a = 0.83 m) TFTR plasma. The three harmonics of the electron

cyclotron frequency have the usual inverse major radius dependence (f

I/R). Because of the large dimensions of TFTR there is an overlap of all the

harmonics except In the case of the first harmonic. In the figure, the second

harmonic emission from the hlgh magnetic field side of the plasma has the same

frequency as the low magnetic field side of the third harmonic. This prevents

the determination of the temperature or density (see Section 7) for certain

locations In the plasma. Overlap of the harmonics tends to be a problem for . "

all of the large plasmas. The overlap can be seen in the emission spectrum
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measured by the Michelson interferometer in Fig. 11(a). Figure I also shows

the upper hybrid resonance (fUH), the plasma frequency (fpc) and the cutoffs

. for the extraordinary mode (fCO1, fco2 )" With a llne averaged plasma density

(ne) of 6 x I019m -3 there is no problem with the accessibility of the ordinary

mode at the first harmonic.

Because the optical thickness of emission in a tokamak is a llnear

function of the major radius, large tokamaks such as TFTR have substantially

high values of optical thickness. For the same high density helium discharge

the slngle-pass optical thlckness I of the first harmonic ordinary mode and the

second and third harmonic extraordinary modes are plotted versus radial

position in Fig. 2. As in many smaller tokamaks, the first harmonic ordinary

mode and the second harmonic extraordinary mode are optically thick, but the

magnitude of the optical depth now is very large as a result of the larger

major radius and the higher electron temperature due to the better thermal

confinement. The emission from the first harmonic ordinary mode and second

harmonic extraordinary mode is at the blackbody level (T _ 2) without the aid

of reflections from the vessel wall for a minor radius less than 0.65 m and

0.75 m respectively. Note that even the third harmonic extraordinary mode has

a substantial optical depth (T - I) in the plasma center.

The determinatio_l of an accurate temperature profile from ECE requires

corrections to the vacuum magnetic field due to the poloidal field and plasma

dlamagnetism 2. The magnitude of the total field correction (6B) is given by:

B B 2
o o

where Bo is the vacuum field, B is the diamagnetic contribution and is given

by

BO dr _ _ r TJ r '

61 is the normalized plasma perpendicular pressure, and be(r) is the

normalized poloidal field and is derived from the plasma current density J(r):

_o rr j(r') r" dr"" be " E" o- r "
o
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Although the magnitude of the corrections is relatively small (- (r/R)2), the
d

corrections are noticeable because of the size of the plasma in TFTR. Figure

3 shows a comparison of temperature profiles measured with the ECE diagnostics

and with Thomson scattering for a full-size (a = 0.83 m) ohmlcally heated

deuterium plasma. Both the profiles measured with ECE include the field

correction. In addition, the temperature profile measured by the Michelson

interferometer without the corrections is shown. The field correction

broadens and shifts the temperature profile - 8-10 cm for this 1.4 MA

plasma. The contributions of the poloidal field and diamagnetism to the

correction are of nearly equal magnitude. The radiometer measured the first

harmonic ordinary mode, and the Michelson interferometer measured the second

harmonic extraordinary mode.

2. Radiometer

Figure 4 shows an overall schematic of the TFTR radiometer, in which

three heterodyne receivers allow observation of emission between 75 and 220

GHz [3,4]. A periscope attached to the vacuum vessel was designed so that

there is no direct path to the fused silica vacuum windows for impurities from

the discharge. A rotatable aluminum alloy toroidal mirror can be directed

either to collect ECE from the horizontal midplane of the TFTR plasma or to

view a llquld-nitrogen-cooled blackbody. The periscope optics determine the

spatial resolution transverse to the major radial direction at the TFTR vacuum

vessel center, which is typically 15-20 cm depending on the frequency of the

emission. The major radial resolution, 2.5 - 5 cm, is determined by the

bandwidth of the receivers. A horn antenna and lens arrangement collects

radiation from the periscope and directs it down 8 meters of J-band waveguide

to three frequency-swept microwave receivers in the TFTR diagnostic

basement. To distribute incident power to the receivers, a four-port power

splitting network, which has a smooth frequency response without significant

moding or resonances, has been designed. This network has good isolation

between receivers so that local oscillator leakage power and reflected

incident power do not couple from one receiver to another. The total front

end loss between the periscope and each receiver due to ali these components

is typically 7-8 dB. Gaussian tapers are used to transfer to and from

fundamental guide in order to minimize losses.
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• Each receiver design is a development of the radiometer described by

Efthimion et al.[5]. A simplified schematic for one of the receivers is shown

. in Fig. 5. A power-leveled backward-wave oscillator (BWO) provides a

frequency swept local oscillator for a millimeter wave mixer. The three

receivers operate at 75-110, 110-170 and 170-220 GHz. A programmable sweep

generator provides a ramp voltage to a high voltage amplifier, which generates

a 2 kV ramp to modulate the BWO cathode. In the 170-220 GHz receiver a second

harmonic mixer is used so that a BWO operating at 75-110 GHz can be

employed. Each of the BWO's can be swept every 4 ms with a sweep time of 2

ms. This determines the time resolution in swept mode. Ramp voltage

comparators with preset reference voltages are used to provide triggers for a

transient digitizer connected to the video amplifier at the output of the

receiver. The output from each receiver is sampled 24 times during a sweep.

In total the output of the radiometer is sampled at 72 frequencies between 75

" and 220 GHz every 4 ms and is stored in memory for later analysis. A

verification of the BWO cathode voltage and mixer bias current for each of the

• 72 samples is stored also, Just prior to the start of each plasma discharge.

In "dwell mode", each BWO can be set to dwell at one of the 24 preset

frequencies and output is then digitized at 24 khz, in order to measure the

temperature at selected locations with better time resolution.

The radiometer is calibrated absolutely in-sltu to an accuracy of 10% by

using a chopped blackbody and a Dicke switching technique [6]. An eccosorb-

covered chopping drum with two holes rotates at approximately 3000 rpm so that

the radiometer alternately views the cold source and room temperature source

about 100 times per second. Then, one of the receivers is set to dwell at one

of its 24 sample frequencies and the receiver output signal is measured with a

lock-ln amplifier.

3. Michelson Interferometer

The Fast-Scanning Michelson Inteferometer (FMI) measures the ECE spectrum

" 72 times per second with a time resolution of 11 ms. Although it has less

time resolution than the radiometer, it has a broader spectral range.

• Currently, the FMI can measure over the range 75-540 GHz with a resolution of

3.6 GHz. This is adequate for measuring at least the first three cyclotron

EC..SSAN DIEGO, NOV_ER 198S 21



harmonics at ail available TFTR magnetic flelds. The range could be extended •

to include more harmonics if it were desired. In order to take advantage of

the intrinsic multi-mode capability of the FMI, which makes it comparatively

easy to ca±Ibrate, its optical system was designed to use imaging components

and free-space propagation. In particular, it was decided to design a system

that could efficiently transport only the fundamental Gaussian beam-mode for a

spectral frequency of 75 GHz and that would make a smooth transition to an

[7]
efficient geometric optics system as the spectral frequency increases.

The front end (periscope) of the optical system is shown in Fig. 6. The

llght-collecting component is a 90 ° off-axls elllpsoldal mirror that views the

TFTR plasma inward along a major radius llne. The light is deflected by a

plane mirror and passes from vacuum into air through a wedged z-cut crystal

quartz window. The primary means for controlling the field of vlew in the

TFTR plasma is the field stop aperture that is mounted outside the crystal

quartz window. It is located at the short focal point of the elllpsoidal

mirror. In the geometric optics limit, the mirror focuses a magnified image

of the field stop to its long focal point, close to the back wall of TFTR.

The working diameter of the mirror and the diameter of the field stop (15 cm

and 5 cm respectively) were determined by the sizes of TFTR and the periscope

and by the choice of 75 GHz as the long wavelength limit of the FMI spectral

range. The resulting vertical extent of the field of view is approximately

15-25 cm. For a typical range of central toroidal field values in TFTR (2.6

- 5.2 T), the radial spatial resolution for the measurement of electron

temperature using the second harmonic varies between 1.5 and 11 cm, depending

upon the radial position.

Following the field stop, a plane mirror directs the collected light into

a TPX lens relay, which transports the light over a distance of approximately

8.5 meters to the input of the FMI, which is located in the basement

underneath TFTR. As shown in Fig. 7, the light that is output from the FMI is

refocussed by a TPX lens and then reflects off two diffraction gratings which

act as spectral low-pass filters that restrict the spectral range to 540

GHz. When ECE is being measured, a wire grid is placed after the second "

filter to attenuate the light before it is focussed into the liquid helium-

cooled detector by a 90 ° off-axis paraboloidal mirror. The attenuator rejects

over 98% of the ECE into an eccosorb dump to prevent saturating the sensitive
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detector.

In order to calibrate the FMI system in-situ, a vacuum feedthru is used

to rotate the ellipsoidal mirror away from the vacuum vessel so that it can

view the calibration source (type CV eccosorb immersed in LN) through a 20 cm

clear aperture fused silica window as shown in Fig. 6. Typically, the

detector signal produced by a single scan of the FMI is averaged over 32,000

scans. Since the wire grid attenuator is removed for measuring the

calibration source spectrum, a separate measurement of the spectrally flat

attenuation factor has to be made in orde, to compute the absolute level of

the ECE spectra. Moreover, the transmlssivity of the fused silica calibration

window must be taken into account for this computation. The uncertainties in

the measurement of the calibration source spectrum, the wire grid attenuation

factor, and the fused silica window transmissivlty combine to yield an

uncertainty of ± 8% in the measured ECE spectral intensity (and hence in the

measured electron temperatures). Thus, the efficiency of the optical system

has been adequate to achieve a good calibration. The predicted loss between

the calibration source and the input lens of the FMI is 4 dB at 75 GHz, but

this has not been experimentally confirmed.

4. Studies of Sawteeth

With its 2 ms scan time and 4 ms scan period, the radiometer is

particularly well suited to study electron temperature sawtooth fluctuations

on TFTR, where typical sawtooth periods range from 40 to 120 ms. After the

radiometer data has been converted to temperature vs. radius and time,

constant-radlus slices can be used to measure the sawtooth period and to

follow heat pulse propagation outward in the same way that fixed frequency ECE

diagnostics are used on smaller tokamaks. Constant-tlme slices reveal the

evolution of the temperature profile, and overlapping these profiles offers a

convenient way to locate the inversion radius. For finer time scale studies

at fixed locati_ns in the plasma, the radiometer can be switched to dwell

mode, for which the time resolution is less than 50 _s.

The Michelson collects data on both the forward and reverse strokes of

. its scanning mirror. The time assigned to each scan is taken to be the time

of occurrence of the "centerburst" of the interferogram. Since the
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centerburst occurs close to one end of the mirror stroke, the nomlnal time

between successive scans alternates between 6 ms and 22 ms. Therefore, the

Michelson does not sample the temperature profile frequently enough to follow

the sawtooth waveform, except in the case of the longer period sawteeth.

However, when it does sample the profile, its time resolutlon appears to be

adequate to reveal the profile shape.

Together with the TFTR soft X-ray imaging system, the radiometer has been

used to identify two basic types of temperature sawteeth - the simple type,

with a period of about 40 ms, and the compound sawtooth, with a period of up

to 120 ms. [8'9] Examples of the latter type are shown in Fig. 8. Figure 8(a)

shows three consecutive compound sawteeth and four profiles for one of them,

as measured with the radiometer. Profiles C and D show that the profile

actually becomes hollow at the time of the sawtooth "crash". This remarkab±e

feature is corroborated by two profiles (E and F) that were measured with the

Michelson for another similar discharge, as shown in Fig. 8(b). Profiles A

and B of Fig. 8(a) illustrate the characteristic feature of a compound

sawtooth, i.e. an intermediate relaxation, which appears to be a partial

reconnection that leaves the center of the plasma unaffected. Note that

profiles E and F in Fig. 8(b) have not been corrected for the slight deviation

of the magnetic field from the simple R-I dependence that it has in vacuum.

5. Parametric Dependence of the Temperature Profile

Both the radiometer and the Michelson have been used to study the parametric

dependence of the peak electron temperature and the shape of the profile in

ohmically heated plasmas. A multiple linear regression analysis was applied

to data from over 200 plasma discharges, including some from PLT, to

characterize the dependence of the peak electron temperature upon various

plasma parameters. [8j-° The result was:

_ BTO 0.451 -0.24Teo "78R-O'31a1"1Zef f p

This scaling is similar to those predicted by the models of Perkins [I0]

and Tang et al. [11], in the sense that the peak temperature is independent of

the average density for fixed effective Z. The scaling also suggests that the

confinement time is a function of the major radius, which is consistent with
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the TFTR confinement scaling found by Efthlmlon et al. [12]

The radiometer has been used to study the shape of the temperature

profile for a range of minor radii and plasma currents in ohmlcally heated

dlscharges. L8j As illustrated by Fig. 9, the radius of the q = I surface,

V _

normalized to the minor radius, was found to be approximately inversely

proportional to the edge q. Moreover, when the profile shape was

characterized by the ratio of the volume-averaged temperature divided by the

central temperature, this quantity also was found to be approximately

inversely proportional to the edge q. Recently, temperature profiles measured

with the Michelson during TFTR discharges with neutral beam auxiliary heating

have been shown to exhibit the same trends. [13]

6. Temperature Evolution During Discharge Startu P

The TFTR ECE diagnostics provide valuable support for the effort to

optimize the startup of the TFTR discharge. It has been found that poloidal

" flux consumption can be reduced and current penetration can be facilitated by

growing the plasmas inward from the outer limiter during the startup phase,

instead of keeping the major radius constant. In order to produce model

computations of the current density profile evolution during startup, the

transport analysis code TRANSP requires measurements of the electron

temperature profile evolution, starting as early in the discharge as

possible. A recent report included an analysis of a 1.0 MA plasma startup

that used temperatures measured by the radiometer [14]. Naturally, under these

conditions of comparatively low electron temperature and density, the optical

thickness of the plasma becomes an issue. While the parametric scaling of the

optical thickness of the ordinary mode first harmonic and the extraordinary

mode second harmonic is the same, the absolute magnitude of the optical

thickness is approximately twice as large for the second harmonic. Since the

wider spectral range of the Michelson allows it to use the second harmonic for

all available TFTR toroidal field levels, it has become the preferred

instrument for studying startup.

Fig. 10(a) shows three temperature profiles measured with the Michelson

during a constant radius startup, lt is interesting to note that the shape

and magnitude of the outer portion of the final profile appears to act llke a
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limiting envelope for the earlier profiles. Figure 10(b) shows three profiles

measured during a "grown" startup. Note that the early profiles are not

hollow in this case. The inward shift of the major radius and the gradually

growing minor radius are evident. Current profiles computed by TRANSP for

these two cases indicate that the current penetrated to the center faster for

the "grown" case. The temperature profiles in Fig. 10 have not been corrected

for the deviation of the magnetic field from its value in vacuum.

7. The Attempt to Measure the Electron Density Profile

To date, attempts to use measurements of optically thin ECE to measure

the electron density profile in a tokamak [15'16] have been thwarted by the

inability to control the field of view for the optically thin portion of the

spectrum. Due to the reflective walls of the vacuum vessel, the emission

intensity at each optically thin spectral frequency represents some unknown

type of average of the intensity from a vertical slab of plasma. The effect

of the reflective TFTR vacuum vessel is evident in Fig. 11(a), which compares

measurements of the ECE spectrum using the Michelson in the two polarization

directions for two essentially identical discharges. Following Hutchinson and

Komm [17] the measured intensities of the optically thin third harmonic

extraordinary and ordinary modes, can be used together with the calculated

value of the single pass optical depth for the extraordinary mode to compute

two parameters that are related to the effect of the vacuum vessel upon the

spectrum. In that model, the observed shape of the optically thin portion of

the spectrum results from the fraction q of the incident intensity that is

reflected without changing the polarization direction, and the fraction p of

the incident intensity that is reflected into the orthogonal polarization

direction. The spectra in Fig. 11(a) yield q = .57 and p = .18, and these

values are essentially the same, considering the experimental uncertainties,

as the results that were obtained by Stauffer and Boyd on PLT and by

Hutchinson and Komm on Alcator.

Recently, a viewing target for the Michelson has been installed into TFTR

as part of the graphite bumper limiter on the back wall of the vessel. The

target consists of a 15 cm diameter concave spherical reflector. The surface

of the graphite was highly polished, and a laser was employed to align it so

as to re-image the Michelson viewing port onto itself. The choice of a
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. smaller fleid stop should allow the reflector to fill the field of view of the

Michelson. Under these conditions, the averaging effect of multiple

reflections upon the optically thin spectrum should be eiimlnated. Then it

should be possible to use the optically thin extraordinary mode third harmonic

or the optically thin ordinary mode second harmonic to measure the density

profile. The required measurement of the electron temperature can be achieved

in either polarization direction, as is illustrated by the two proflies in

Fig. 11(b), which were derived from the spectra in Fig. 11(a). These profiles

have not been corrected for the deviation of the magnetic field from its value

in vacuum.
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Electron CyclotronEmissionMeasurements

• During Electron Cyclotron Heating
in the WendelsteinVI I-A Stellarator

at 1 Tesla and 2.5 Tesla

H.J. HartfuB, M. Tutter, W VII-A Team"
Maz-Planck-Institut f_r Plasmaphysik

EURATOM Association, D-8046 Garching
Federal Republic of Germany

ECRH Group"
Institut f_r Pla_maforsehung der Universit_t Stuttgart

D-7000 Sfuttgart
Federal Republic of Germany

ABSTRACT

Second harmonic electron cyclotron emission measurements were performed wlth

' an elght-channel heterodyne receiver on the WENDELSTEIN VII-A Stellarator

(R - 2.0 m, a - 0.I m, i ffi2, m -5) during electron cyclotron heated

discharges at 1 T (28 GHz) and 2.5 T (70 GHz). Characteristic deviations In

the shape of the electron temperature profile compared to Thomson scattering

results have been found which are explained assuming a small amount of mildly

relativistic suprathermal electrons in addition to the thermallzed bulk. Code

simulations were carried out from which the suprathermal energy and density

can be estimated.

I. Introduction

Electron cyclotron heating (ECH) was extensively studied in WENDELSTEIN VII-A

Stellarator using a single gyrotron for plasma build up and heating. The

experiments were carried out at I T main toroidal field on axis with a

28 GHz/200 kW/40 ms gyrotron, and at 2.5 T with a 70 GHz/200 kW/lO0 ms one.

The power was launched as a linearly polarized wave in 0-mode polarization

(E II B, k L B). Different circular waveguide modes (TE02 , TEo1, TEll, HEll)

resulting in various degrees of polarization were tested /1/.

• G. Cattanei, D. Dorst, A. Elsner, V. Erckmann, G. Grteger, P. Grtgull

. H. Hacker, H.J. Hartfu_, H. J_ckel, R. Jaentcke, J. Junker, M. Kick,
H. Krotss, G. Kuehner, H. Haa_berg, C. Hahn, S. Harlter, G. Wdller,

W. Ohlendorf, F. Ran, H. Renner, H. Rtngler, F. Sardet, M. Tueter,
A. Weller, H. Wobig, E. Wdrschtng, M. Zippe

• * W. Kasparek, G. MUller, P.G. SchHller, K. Schw_rer, M. Thumm, R. Wilhelm
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In each of the different types of discharges investigated, characteristic

deviations in ECE temperature profiles compared to Thomson scattering results

are found. They are most pronounced on the low field side and exhibit a clear

correlation with electron density. The deviations are explained assuming an

energetic tall in the Maxwell distribution of the electrons.

2. Electron cyclotron emission measurements

ECE measurements were carried out at the 2nd harmonic electron cyclotron

frequency in X-mode polarization viewing along a major radius from the low-

field sld_. Two different circular horn antennas are used with an estimated

aperture angle of _+ 4°. Fundamental mode rectangular wavegulde pieces are

incorporated acting as polarization filters. A fixed tuned elght-channel

heterodyne receiver is used /2/. lt has different front ends tuned to 56 GHz

and 140 GHz respectively. The back end contains eight slx-pole filters

covering the intermediate frequency (IF) band of 5 to 10.04 GHz. The 56 GHz

version of the receiver is absolutely calibrated applying the hot/cold

technique. The different channels of the 140 GHz receiver are only relatively

calibrated with the aid of a wide band plasma noise source whose radiation

12

i =THOMSON

1.0 _ = ECE
>

_ 0.8

W

zo.4
%

U _

j bill &&wO. 2

0
-10 -6 -2 0 2 6 t0

RADIUS [cml

Fig. I: Electron temperature as measured by Thomson scattering in comparison

to the "profile" from 2nd harmonic ECE measurements during a I T

electron cyclotron heated discharge. The solid llne gives the

"profile" from code calculations assuming Eo = 5.3 keV, Eco = 0,

nST = I x I016/m3.
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• temperature was not known exactly. They are brought to absolute scale relating

the central channel to a Thomson scattering measurement during a neutral beam

- heated discharge.

Due to the different absolute bandwidths of the 2nd harmonic ECE spectrum at

I T and 2.5 T, the receiving channels cover different plasma radii: at I T the

complete profile is covered with 4 channels on either side ranging from - 8.6

to + 9.4 cm. At 2.5 T two different local oscillator (LO) frequencies, 151

and 129 GHz respectively (including sideband changes) are necessary to cover

the high field side from - 8.2 to - 1.4 cm and the low field side from + 1.4

to 9 cm with 8 channels separately. To avoid interference with the 2nd

harmonic emission of the gyrotron itself, sharp notch filters tuned to 56 and

140 GHz are introduced which effectively suppress (> 40 dB) direct radiation.

Additional bandfilters with about I0 % relative bandwidth in front of the

receiver suppress any out of band signal. The bandfilters are essential

during the calibration procedure.

3. Results

A few examples are given representative for a large number of measurements.

Each of the figures combine the electron profile measurements from Thomson

scattering and ECE. The common feature of all the figures is the occurence of

an additional maximum on lhe low field side of the profile which is

interpreted as due to the presence of a thin suprathermal population.

Emission spectra calculations were carried out (see next chapter) for the

combined thermal and suprathermal electron populations and the results are

included in the figures, too. To make this direct comparison possible, the

measured and calculated emission intensities are given in equlvalent black

body radiation temperatures. Figure I gives a measurement with I T toroidal

field and ECH power irradiation in the TEll mode. Here in addition clear

deviations are obvious also on the high field side (radius r _ 0,

- a _ r _ + a) of the profile.

Figures 2a and 2b give the profiles measured during a 2.5 T discharge at two

• different times, 30 ms and 70 ms. Wave-launching Is in the HEll mode. During

this discharge the electron density increases from 1.6 x I019/m3 to

" 2.1 x I019/m3, significantly changing both the electron temperature profile

and the suprathermal content. Finally Figures 3a and 4a give as a further
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a) Profile information from Thomson scattering and 2hd harmonic ECE

measurements at 40 ms, Fig. 2a, and 70 ms, Fig. 2b, during a 2.5 T

EC-heated discharge. Increasing electron density reduces the

suprathermal content. Solid line results from code simulations:
w

ea) E0 = I0 keV, ECO = 0, nsT = 2 x I016/m3, nTH = 1.6 x 1019

b) E0 = 7 keV, ECO = 3 keV, nST = 5 x I015/m3, nTH = 2 x I019/m3.
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b) Code calculation to simulate the ECE "profile" of Fig. 3a. Eo ffi 3

keV, ECO - O, nST = 3 x lO17/m 3 7 9 x lO18/m 3, nTH = .
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" example the profiles measured at two different times, 40 ms and 92 ms, of a

2.5 T discharge. But in this experiment the resonance zone was shifted

• outwards by about 4.5 cm owing to an 2 % increase of the toroidal field.

Extreme deviations between the Thomson and ECE measurements are obvious, but

again the effect fs diminished by the increase of electron density which is 8

x i018/m3 at 40 ms and 1.6 x 1019/m 3 at 92 ms.

Practically no change in the suprathermal content (width and height of the low

field side hump) is observed during constant density discharges, and no

significant systematic deviations from the Thomson profiles are found in high

density neutral beam heated discharges.

4. Simulation

The one dimensional model used to simulate the experimentally observed

profiles or spectra Is similar to one described earlier /3/. An optically

thin suprathermal population of density nST is assumed with a radial

distribution equal to the calculated ECH power deposition profile. The energy

distribution is assumed to be purely exponential, f (E) _ exp - (E/E0) with a

lower cut-off, ECO and the parallel velocity v_ to be negleglble compared to

the perpendicular velocity v_. The code calculations are based on measured

temperature and density profiles. They make use of the Schott-Trubnikov

formula to calculate the emission intensity. The diamagnetic correction to the

magnetic field is considered as well as both linear and quadratic Doppler

effects.

The results as given in the figures are calculated omitting completely any

wall reflections. Recently these have been Included into the code as well as

polarization scrambling /4, 5/. Considering both, the estimated suprathermal

energy, EO, and the density nST must be decreased within a factor of 2 to 3 to

simulate the observed spectra.

Q
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Central PowerBalance

• in SawtoothingOhmicallyHeated TokamakDischarges

in the PrincetonLargeTorus
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ABSTRACT

The central energy balance for sawtoothing ohmically heated discharges

has been calculated by two different methods. The first uses Z-effective

(average effective ion charge) measurements, and the other uses the rate of

rise of central stored electron energy as observed on temperature and density

sawteeth. The two methods are in reasonable agreement at moderate (~I .5 x

1013 cm -3) densities.

If bolometric data is available which can confirm that central radiated

power is negligible, then the central Z-effective may be computed from the

temperature and density sawteeth.

INTRODUCTION

The internal disruption, or sawtooth, I is a feature of most tokamak

dlscharges. Details of its behavior, especially those which immediately

preceed the central density and temperature drop, are quite complicated, and

several theories 2-6 have been proposed to explain them.

However, if one looks at the central region immediately after an internal

disruption, it is quite simple. The central electron density (Neo), central

electron temperature (Teo) and plasma current profiles are flattened, and the

o safety factor [q -rBT/RB p] is equal to one over a large region (0 - r/a <

0.25) of the discharge. [Here BT is the toroidal field Bp is the poloidal
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field, R is the major radius and a the minor radius of the torus and r is the

distance from the magnetic axis.] Thus, immediately after a sawtooth

collapse, the central ohmic power deposition to the electrons 7 is:

2

Pn = 4.43 x 103 Ze BT I_)
3/2 R2 in A m (I)T

eo

Here Ze is the central effective ion charge, and £nA has its usual

definition. The electron power balance at the center of the discharge can

also be written as:

d (½ T )+ P + PTR (2)P_ = Pei + _ Neo eo rad

Here Pei is the central electron to ion power transfer, PRAD is the

central radiated power and PTR is the central heat loss due to conduction and

convection. For tokamak discharges is well conditioned machines with carbon

limiters, the power radiated from the central of the discharge is very small:

PRAD will be ignored. It will also be assumed that PTR is very small compard

to P_, since density and temperature profiles are flattened after a disruption

and conduction and convection should be negligible.

Given these assumptions, the central power balance can be written as

dT dN
3 e____oo3 eo

P_ = Pei + _ Neo dt + _ T O _ (3)

Thus, central Ze can be calculated by measuring central power deposition

using Eq. 3 and solving Eq. I for Ze, This has been verified on PLT

(Princeton Large Torus) where we have independently measured Ze as well as the

quantities necessary to measure the central power balance in Eq. 3.
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EXPERIMENTAL PROCEDURES AND RESULTS

On PLT, central electron temperatures and its rate of rise are measured

• with a grating polychromator 8 which measures second harmonic electron

cyclotron emission. This instrument can be calibrated absolutely 9 or by using

laser Thomson scattering data. A typical trace of Teo vs time in an ohmic

discharge is shown in Fig. I; the rate of rise of central electron temperature

can be measured directly as indicated.

Time average density, Ne' is measured along the major radius using a

single channel 2 mm interferometer. The behavior of the line average density

during a typical ohmic discharge is shown in Fig. 3, which illustrates the

density sawteeth as well. The amplitude of the density sawteeth (_e/Ne =

0.01) is much less than the amplitude of the temperature sawteeth (_Teo/Teo -_

0.1) since only changes in line average density are observed.

From Thomson scattering data, for moderate densities (Ne <_ 3 x 1013

cre-3), the density profile is parabolic: Neo _- 1.5 _e"

The rate of rise of central density, dNeo/dt, is estimated in the

following manner. An internal disruption flattens the density and temperature

profiles out to some radius m:

Top of sawtooth: N T = N I (1-p 2) -I 4 p +I

= N2Bottom of sawtooth: NB -m _ p _ +m

N (1 - p21 -1 ¢ p _ -m= 1
+m ( p _;+1

. The change in line average density in a sawtooth collapse is given by:

2
• m

f NT dp - ; NBdP = _ =Nlm [1 - -_-'] - N2m (4)
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Since there is no loss of electrons from the discharge during a sawtooth,

fN T odp = fNs _o (5)

This plus Eq. 4 yields

- - 3
_qlN = m 14 (6)

t

Grating polychromator measurements indicate that the q=1 surface is at P

0.35 (±0.04). Thus, for m = 0.35, _/N = 0,01 and the central electron

density changes by about 6% during an internal disruption. The rate of rise

of central electron density is then approximately:

dN N

e._..__o. 0.06 e_...oo. (7)
dt T

Here T is the period of the sawtooth.

Central ion temperature is obtained from neutron emission measurements;

electron to ion power transfer is a small part (<20%) of the power balance for

densities Ne 4 3 x 1013 m-3.

In order to monitor the impurity content of the discharge, a calibrated Z

meter I0 has been installed on PLT. This measures the line average Z-effective

(Ze) along a major radius:

N2(p)
Ze - KVB [fl e do]-1 .

-1 T 1/2(p)
e
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Here VB is the output of the photomultiplier tube which measures the

intensity of the visible bremsstrahlung emission at a wavelength of 5235 A and

" K is a calibration constant. For the discharges which we have considered,

Ne = Neo (1-p 2) and Te = Teo(1-p2) 3. It is assumed that Ze is constant across

the discharge, so that Ze = Ze(P=°)"

Plotted iri Fig. 4 is the central ohmic power deposition as calculated

from Z-meter measurements versus central power deposition as calculated from

the rate of rise of density and temperature sawteeth (using Eq. 3). Agreement

is reasonably good for most of the discharges; those farthest from the line

P_(Ze ) = Pm are low density discharges (Ne < 1013 cre-3)" At these densities

the Z-meter tends to overestimate the central Ze: this is actually to be

expected I0 as the signal levels are quite low.

However, at low densities even with carbon limiters, it cannot

necessarily be assumed that central radiated power is negligible. Under these

conditions it would be best to confirm this assumption using bolometric or

spectroscopic data. _f this can be verified, then Eq. 3 should prove to be a

more reliable way of measure _'e in this regime Of tokamak operation.

One problem with using Eq. 3 to measure power deposition (and Ze ) is that

a substantial fraction of the increase in central electron stored energy is

due to the rise in Neo. From Eq. 7, the contribution from the dNeo/dt term in

Eq. 3 is about half the dTeo/dt term. This is quite substantial, and the

reliability of this method could be improved if the rate oE rise of central

density could be measured directly instead of using assumptions about the

shape of the density profile before and after the sawtooth collapse.

" This could be accomplished using electron cyclotron emission measurements

at the third harmonic, extraordinary mode (wave E-field perpendicular to BT)

which is optically thin. This would require the use of a viewing dump inside

the vacuum vessel.
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We have attempted to use third harmonic emission to measure dNeodt on

PLT, but can only affirm that a viewing dump is essential for the success of

this method.

Conclusion

The rate of rise of density and temperature sawteeth can be used under a

large variety of tokamak discharge conditions to calculate central Ze. This

may be simpler, more direct and more accurate than Z-meter measurements.
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LIST OF FIGURES

I. Electron temperature (Te) vs time for a typical PLT discharge. The

sawteeth are shown on an expanded scale, and dTeo/dt is illustrated.

2. Line average density (Ne) vs time for a PLT discharge. The density

sawteeth are shown in the expanded scale,

3. Illustration of the density profile flattening during an internal

disruption.

4. Central power deposition from Z-meter measurements (P_(Ze)) vs central

power deposition Pa from Eq. 3 in the text. For these discharges q(a) =

3.3, BT = 3.2T, 14 _e 4 8, 0.9 x 1013 ca -3 4 Ne 4 3 x 1013 cm -3, 12 eV/ms

dTe/dt 4 78 eV/ms.
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The TransmissionSystem
for the DIII-D ECE Radiometer*

Charles Moeller, John Lob_r, and Ron Prater
GA Technologies, Inc., San Diego, California 92138, U.S.A.

In order to improve the noise immunity and increase the availability of the

DIII-D EGB radiometer, the radiometer receiver will be located outside the

radiation shield wall. Further noise immunity is obtained by the use of

a 50 kHz rf modulator, which is compatible with the 90 to 140 GHz low

loss, single mode transmission system, the design and ezpected performance

of which will be discussed. The testing of microwave components and the

absolute calibration of the system is also discussed.
,t

Introduction

Several improvements are being made to the DIII-D ECE radiometers to reduce

their susceptability to interference and increase their availability. They are also to

be absolutely calibrated using hot and cold black body sources. Both the grating [1]

and Michelson [2] radiometers are being located outside the radiation shield wall so

that they will be accessible during machine operation. Also, the input to the grating

instrument will be chopped at 50 kHz, permitting synchronous detection and giving

considerable immunity to both electrical noise and neutron interference. The absolute

calibration is greatly facilitated by low transmission loss, while the only high frequency

choppers available are in fundamental mode waveguide.

*This is a report of work sponsored by the Department of Energy under Contract

No. DE-AC03-84ERS1044.

b
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• TransmissionSystem

Possible low loss transmission schemes use (1) highly overmoded rectangular
I

guide, (2) hollow dielectric waveguide, (3) the HEll mode in corrugated waveguide,

and (4) the TE01 mode in smooth wall circular guide with corrugated guide bends. The

chosen approach must be compatible with a transition to fundamental mode guide.

This last requirement is consistent with our intention of propagating a single mode

in order that the antenna pattern be as narrow and well defined as possible. Given the

small area of the ultimate detectors, there would appear to be no increase in received

power to be obtained by propagating multiple modes, even if the antenna pattern were

of no concern. With a single incident mode, any subsequent mode conversion represents

a power loss, since the detector is single moded.

Oversized rectangular guide has the disadvantage that the losses decrease only

as 1/b, b the waveguide height, so that low loss requires rather large guide, in which

mode conversion is difficult oo avoid. It is therefore inferior to the remaining schemes,

in which the loss varies as 1/a 3, "a" the circular guide radius.

The hollow dielectric guide [3] is potentially attractive at very short wavelengths,

but in the 90 to 140 GHz range, to propagate the HEll mode, an inside diameter of

13 cm is required assuming an optimum dielectric constant to keep the losses to less

than 1 dB in 15 m, the required length of run. Making a transition to that diameter

from fundamental mode guide is awkward. We therefore favor metallic guide, which

can achieve a similar loss in <1/10 the diameter.

The HE11 mode in corrugated wall guide can achieve <1 dB in 15 m in 1.25 cm

diameter, at least at the optimum frequency. Furthermore, the polarization is already

linear, so that the HEll mode is suitable both for the receiving antenna (using a

corrugated horn) and for radiating into the radiometer receiver. However, it is necessary

• to make a broad band transition to fundamental guide, in order to use the chopper.

Also, the entire run must be in the corrugated guide, and guide with rather deep

" corrugations at that, which is expensive.
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We therefore have chosen to use the TE01 mode, which can be propagated in

straight smooth-wall guide, only requiring corrugated guide at bends.

All the elements of the system can cover the required 1.55:1 bandwidth. A broad

band transition, the Mari_ transducer, is available to convert from fundamental rectan-

gular guide to the TEol mode in circular guide. The corrugated bends are also broad

band. If the corrugation depth and length are optimized for the highest frequency,

they continue to be adequate at lower frequencies, as can be seen from the following

argument.

The amplitude converted to a particular mode due to curvature is proportional

to C/(A_2a2), where C isthe couplingcoefficientbetweenthe TE01 mode and the

undesiredmode and Ai3 isthedifferenceintheirpropagationconstants[4].The un-

desiredmode ofconcernistheTM11 (HExl incorrugatedguide),which hasthesame

cutoffwavenumber as the TE01 atzerocorrugationdepth. Ifthecorrugationdepth

isoptimizedforthehighestfrequency,thedifferenceinthecutoffwavenumbers,Ak±,

decreaseswithdecreasingfrequency.Thisisshown inFig.1,which isbasedon a sur-

faceimpedencemodel [4].The optimum corrugationdepth I isabout _/A = 0.07or

f./a= 0.024at 140 GHz [5].Then Ak±a = 1.23at 140 GHz and 0.83at 90 GHz.

But Ai3__(c/co)klAk.L.isinfactlargerat90 GHz thanat 140 GHZ, becausethere-

ducedvalueofcomore thancompensatesforthereducedAk±. SincetheTE01-TM11

couplingcoefficientisjustproportionaltoco,the mode conversionlossdecreaseswith

decreasingcofora fixedcorrugationdepth.The valuesofA/c± forotherinterfering

modes actuallyincreaseascodecreases,and thecouplingcoefficientshavehigher(pos-

itive)power dependenceon co,and thereforealsodecreasewithdecreasingco.We have

alsoconfirmedexperimentallythatbendsfor60 GHz work equallywellat35 GHz.

A blockdiagramofthetransmissionsystemisshown inFig.2. The partofthe

run propagatingtheTEm mode, which has a totallengthofapproximately15 m, is

incircularwaveguideof1.25cm diameter,givinga theoreticalohmic lossof0.3dB at

150GHz and 0.6dB at90 GHz. Our experienceat60 GHz suggestswe might expecta

totallossofabouttwicethetheoreticalohmic loss.The d.c.breakatthereceiverend
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FIG. 1. Normalized cutoff' wavenumber versus corrugation depth for
" corrugated waveguide.

,b

of the run consists of a series of alternating polystyrene and aluminum disks. A 20 cm

long stack of such disks easily provides the required 30 kV isolation with <0.05 dB loss.

At each end of that part of the run propagating the TEol mode, there is a non-

linear taper from 1.25 to 0.4 cm, followed by a Marid converter. The anticipated loss

per converter is <0.5 dB.

At the receiver end of the system, there is a 90 ° bend in WR-8 waveguide, followed

(in the case of the grating instrument) by the chopper, which will be discussed below.

Following the chopper is a standard (25 dB gain) horn, which radiates into the receiver.

At the tokamak end of the system, there is, following the Mari4 converter, a

transition from WR-8 waveguide to 2.4 mm diameter circular guide. Beyond this

transition is the vacuum window, which is a 0.013 mm thick mica disk sealed by a

" Viton o-ring. The expected voltage reflection coef_cient from this window is then

<0.065 (or VSWR <1.13) over the band. The window has been found to withstand 10
w

• atmospheres of pressure without failure.
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FIG. 2. Block diagram of the transmission system•

Beyond the window isa g0° bend in 2.4mm circularguide,followed,in the

initialinstallation,by a conicalhorn.Thishornviewstheplasma radiallythrougha

3.8cm gatevalvewhich isonly30 cm beyond thevacuum vesselinnersurface.The

entireassemblycan thereforebe disconnectedfrom the vacuum vesseland rotated

180° forcalibrationwithoutventingthemachine.The useofcircularguideallowsus

toexaminebothpolarizationsby simplyrotatingtherectangulartocirculartransition

on theatmosphericsideofthewindow.

The overallattenuationofthissystemisprimarilydeterminedby thefundamental

mode components at the ends,sincethe TE01 mode lossshouldbe <1 dB. The

theoretical attenuation of WR-8 guide ranges from 5 dB/m at 90 GHz to 3 dB/m at

140 GHz, while the values for 2.4 mm circular guide are about 2/3 of those numbers.

The total length of such guide is only 0.2 m, however, contributing less than 1 dB.

The horns should give less than 0.25 dB total, while the Marid converters should each
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contribute 0.5 dB loss. The worst single element is the chopper. A full waveguide

• bandwidth chopper [6] has an insertion loss of <3 dB. We are also developing an

electro-optical chopper which has an insertion loss of <1 dB. The total transmission
p

loss should therefore be 6.25 dB with the ferrite chopper or 4.25 dB for the electro-

optical chopper. There is one remaining unknown, but possibly serious loss, that is

due to coupling inef_ciencies within the radiometers themselves. For plasma operation,

the attenuation is not of great consequence if stable, but it greatly effects the ease of

calibration.

Calibration

We are most interested in the calibration of the grating instrument. The system

will contain low pass filters, the effectiveness of which can be tested by placing in the

• fundamental mode section a piece of waveguide cutoff at 140 GHz when using our hot

source.

Circuit models of our system for different chopper locations (which are rigorously

correct when dealing with any single mode) are shown in Figs. 3a and 3b. The at-

tenuator may represent a distributed loss. The elements of the system are assumed

reflectionless (i.e., matched to the transmission line). The difference in noise tempera-

ture at the receiver between the on and off states of the chopper is just AT = A(T, - Tc)

for Fig. 3a and AT -- A(T, - Tc) + (Ta - Tc) for Fig. 3b, where A is the attenuation

factor of the attenuator, and Ta, Tc, and T, are the temperatures of the attenuator,

chopper, and noise source, respectively. If the chopper and other dissipative elements

of the system are ali at the same temperature, the location of the chopper is irrelevant.

If ITa-Tc] is not << A(To-Tc), as might be the case with a system having high loss and

temperature gradients, it then is necessary to have the chopper near the noise source.

We will initially locate the chopper where it is most accessible, at the receiver,

and relocate it only if the system losses require it. Even if the system has high loss, but

much of the loss is within the receiver, the chopper could still remain at the receiver
¢

end of the system.
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FIG. 3a. Equivalent circuits of the system with the chopper near the
noise source. Tc, Tc, and Ta refer to the noise temperatures of the
source, chopper, and attenuator, respectively.
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FIG. 3b. Same as for Fig. 3a, with the chopper near the receiver.

The AT values at the receiver for the 77°K and 1300°K loads we propose to use

for calibration are 53°K and 237°K, respectively, with the ferrite chopper and 84°K and

376°K, respectively, for the electro-optical chopper, assuming in both cases a 300°K

ambient. The noise power into the receiver is also proportional to the bandwidth per

channel, which varies from 0.8 to 2 GHz.

The receiver noise comes primarily from the intrirmic detector [6] noise and the

equivalent input noise of the amplifier input stage, which are specified in terms of the
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RMS noisevoltagetobe 2.7×10-9 V/x/-H-_and 1.5)<10-9 v/v/H-_,respectively.The

• latternumber isfora low noiseFET at50 kHz.

The radiometerdetectorresponseisgivenas >4)<103 voltsper wattofincident

radiation[7].When AT > 100 eV,themicrowavepower perchannel>5× 10-8 watts,

givinga fundamentalcomponent atthemodulationfrequencyof0.099mV RMS. For

the10kHz I.F.bandwidthwe areinterestedin,theRMS noisevoltageis3.1×10-r,so

thatthesignaltonoiseratio>300 (we willbe usingsynchronousdetection).

For calibration,however,AT _ 273°K forthe 1300°K hot source,assuming

6.25dB ofrfattenuation,givinga 2.5)<10-8 V RMS signal.To geta i00:iS/N ratio,

we thenrequirean IF bandwidthof6× 10-3 Hz givinga signalrisetimeof100aec.In

comparison,ifwe had a 13 dB rflossand a 1300°Knoisesource,AT isonly50°,giving

a requiredrisetimeof3.3)<103aecfora 100:1S/N ratio.

A blockdiagramfortestingthewaveguidecomponents isshown inFig.4. The

. only sweepable sources that cover 90 to 140 GHz directly are a pair of extremely

expensive B.W.O.'s. We chose instead to use a broad band harmonic mixer driven by a

YIG oscillator as a harmonic generator. By also using a harmonic mixer as a receiver,

with the local oscillator detuned by Af and an IF filter centered at n Al, only the nth

harmonic will be detected.

I I-Al .A_ II,,-- ,...., --
SWEEP

12-20 GHz CURRENT f-Af f IF 7AI'1700 MHz

YIG OSC. UNIT
HARMONIC UNDER \
GENERATOR TEST _ ISOLATOR IF AMPLIFIER

OLATOR CALIBRATED HARMONIC IF FILTER IF FILTER
ATTENUATOR MIXER 1700" 50 MHz

FIG.4. Blockdiagramofthesweepabletransmissiontestsystem.

P

The harmonicgeneratorhasa minimum outputof3 _W, theharmonicmixerhas
@

a conversionlossof<35 dB, and the IF amplifiera noisefigureof4 dB. Ifthe unit
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under test has no loss, the signal to noise ratio, assuming a 100 MHz IF bandwidth, is

>200, so no special signal processing would be required.

Summary

A low loss transmission system for single mode propagation has been designed for

the 90 to 140 GHz band. Combined with a high temperature black body source, only a

few minutes per channel should be required for calibration. Location of the radiometers

outside the shield wall and modulation of the microwave signal should greatly reduce

electrical and neutron interference during plasma operation.
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ABSTRACT

An ECE measurement system has been calibrated using three different

methods: a conventional thermal source, an untuned cavity, and a system of

antenna pattern integration. The last two techniques employ a coherent

microwave source and produce signal levels comparable with those measured

" from a tokamak plasma. The measured system responses agree within the

estimated experimental uncertainties.

I. Introduction

The accuracy of ECE measurements of plasma electron temperature is

currently dominated by uncertainties in the calibration process. The most

commonly used method employs a large surface area thermal emitter, such as

a heated plate, or an absorber placed in liquid nitrogen. Special

techniques for measuring small signals must be used which introduce

uncertainties and are usually tedious and time consuming. In some cases

the method fails because the radiation intensity is just too weak, or

because too much power is emitted at high frequencies. Alternative

calibration methods are desirable and, in some cases, essential.

To investigate alternative methods we have calibrated an ECE system using

three methods: a thermal source, an untuned cavity, and an antenna pattern

integration technique. In this paper we discuss each method and present a

comparison of the calibration results.
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The comparison made here covers the frequency interval 110-170GHz,

corresponding to 2nd harmonic ECE from a plasma with 2 to 3T magnetic

field.

2. Method

A standard polarising Michelson interferometer, operating with rooftop

mirrors was coupled to a liquid helium cooled InSb hot electron detector

via a focussing lens, circular wavegulde and F4 winston cone. The input to

the Michelson was a 30mm by 40mm rectangular waveguide which tapered up to

S band, 34mm by 72mm. The polarisation was linear with the electric vector

parallel to the long side of the wavegulde, that is , opposite to the

conventional definition of the fundamental mode. The S-band wavegulde was

30 m long with 10 H-plane and 7 E-plane bends•

Interferograms were collected by a signal averager under control of a micro

processor which also operated additional equipment. The reference and

clock signals to the averager were generated through a moire fringe system

attached to the vibrating arm of the interferometer which was driven at

30Hz with a 16mm amplitude.

With each method of calibration a characterised radiation source is placed

in front of the S-band antenna filling the entire field of view. The

corresponding Interferogram is measured and Fourier transformed to give a

spectrum• The system response is then defined as the ratio of the known

source to the measured spectrum:

watts

CHARACTERISED SOURCE I(f) m2.ster .df

MEASURED INTERFEROGRAM V (x) vol ts

MEASURED SPECTRUM S(f) voltsdf

S(f) volts, m2 ster

SYSTEM RESPONSE R(f) = I--_ watt
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where f is frequency and x is the interferometer path difference. An

identical Fourier transform routine was used for each method, producing

spectra with IOGHz resolution (apodised). The methods differed only in the

manner of measuring the interferogram and of characterising the source.

3. Thermal Source

Calibration with a thermal source is fairly common and is only briefly

outlined here.

The source is characterised by a black-body emission function and a

characteristic temperature which may have weak frequency dependence. This

temperature is expressed as the difference between the radiation

temperature of the source and the background room temperature:

K(Trad(_)-TBG)fa watts
I(m) =

c2 m 2.ster .df

The "measured interferogram", V(x), is the difference of interferograms

obtained with the source present and with the source removed:

V(x) = VSOURCE(X) - VBG(X)

The source used has been developed by the National Physical Laboratory, UK,

to be compact, convenient, and able to achieve high temperature. The

surface area is 400mm 2 and has a radiation temperature >-370K above room

temperature. This temperature and its frequency dependence is determined

by surface reflectivity and thermocouple/infrared camera measurements. The

characterisation is validated by comparison with an absorber immersed in

liquid nitrogen. The characterisation produces a 10% systematic

uncertainty.

Because of the weak signal, coherent averaginF for 6 hours (50% duty cycle)
m

was necessary to measure the interferogram. The resulting spectrum has

less than 10% statistical error in the frequency band of interest.

The entire measurement system has been shown to have no polarisation
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mixing, so only the single appropriate linear polarisation is considered.

The system response determined by this method is shown in Fig.3(a).

Q

4. Untuned Cavity

To fill the antenna pattern of the measurement system, the calibration

source must excite ali relevant modes in the receiving antenna. This is

the function of the untuned cavity: production of constant power in all the

modes which the system accepts. The cavity (designed and constructed by

the FOM Institute, Holland) is shown schematically in Fig.1. A backward

wave oscillator V(BWO) injects power at a single frequency into an

irregularly shaped volume. Two equivalent apertures are connected to the

measurement system and to a fundamental mode power meter (Anritsu type

MP83B/ML83A) respectively. The power meter has been absolutely calibrated

by NPL with a 20% uncertainty. Rotation of half the surface of the cavity

and jittering the BWO frequency helps destroy any spatial coherence, so

that the output modes will have time averaged equal power. A broadband

source was simulated by stepping the BWO frequency by IGHz from 110GHz to

170GHz and superposlng the results. Each intermediate value was scaled to

the corresponding fundamental mode power since the output power of the BWO

was not constant with frequency. The source characterisation is thus

determined by the assumption that every mode has equal power and by the

frequency step interval Af:

f2

I(f) - c--_

Vi(x)

where Vi(x) is the interferogram for BWO frequency fl and Pi is the

measured fundamental mode power at that frequency. The values of Pi were

typically a few _W, while the BWO output was several mW. Pi of I_W

corresponds to an effective temperature of T.2x10_K, which is close to the

plasma temperature being measured. Approximately 2 minutes was required at
w

each frequency setting for leveling of the power meter. The resulting

system response is shown in Fig.3(b).
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5. Antenna Pattern Integration

A large area source can be simulated by a two-dlmenslonal array of

microwave sources. The overall dimensions of the array should be such that

the antenna-pattern of the instrument under calibration is fully filled.

Fig.2 shows a schematic of this method. Each element of the array occupies

an angular area AY_ by AY2.

If a spherical surface is chosen with the distribution of microwave sources

uniform in solid angle the effective surface brightness becomes

PG Watts
I =

4_r2Ay_AY2 m2ster
where:

P is the emitted power (-3mW), G the launch antenna-galn (-50), and r the

. distance between launch and receiving antennae (_Im).

In the experiment the BWO is moved from point to point by a mechanical arm

driven by stepper motors (designed and constructed by FOM), which are

interfaced to the controlling computer. The detector output at every

gridpoint must be added, which is equivalent to integrating the antenna

pattern. The method is outlined in detail by Tubbing [I].

A broadband source was simulated by stepping the BWO frequency and

superposlng the resulting interferograms. Again, each individual

interferogram was scaled according to the output power:

G
I(f)

4_r2AY_AY2Af

Vi(x)
v(x)- P.&

i

where a frequency step size of Af=2.5GHz was used. The effective

temperature of this composite source is -IO_°K.
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To save tlmet the movement of the source was synchronised with the data

sampling so that antenna pattern integration was automatically obtained.

Typically, scanning through a I0 ° square requires about 20 minutes per

frequency.

The power measurements (P) were taken at the end of the BWO's launch horn

(3.5mm x 7mm) with the aid of a similar horn tapering to the input

waveguide of the meter. The antenna-galn of the launch horn was

calculated, including a correction for the tapering.

Fig.3(c) shows the system response from this method. Difficulties with

automation restricted the frequency range over which these measurements

were made, thus the relatively smaller frequency range of this measurement.

Given more time, a wider range could have been measured.

6. Comparison of Calibration Methods

In comparing the three methods the possible sources of errors must be

consi dered.

The thermal source method has a 10% statistical error and a similar

systematic error resulting from uncertainties in source characterisation.

The two microwave techniques are dominated by systematic errors. For the

untuned cavity, the number of excited modes is unknown, as is the effect of

a necessary taper from 10mm by 10mm to S band (I meter). Qualitative

evidence suggests that the cavity is adequate - we can make no quantitative

statements about its performance. For the antenna pattern integration, it

is not certain that the grid spacing was optimal, nor is it known that the

power remained constant during the integration period or that the antenna

gain was correct. Both methods suffer from uncertainty in power

measurement. A systematic error of 20% is likely. The comparison of

responsivitles may indicate a problem at low frequency - but in general the

agreement must be considered good. The weakest area at the moment is the

absolute power measurement of the microwave source. Presently, this

measurement is being automated.
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" 7. Conclusions

Although the thermal source method required the greatest amount of time, no

substantial error resulted. The stability of both the source and the

measurement system allows the use of long integration periods to overcome

weak signal levels. Automation reduces the human impact of such long

times. However, a dynamic range of 50dB minimum is needed.

Given an ideal microwave source - one that has both frequency and power

stability - that operated over a broad band, both microwave techniques

would be suitable. The untuned cavity is a compact system which could be

used for calibration in tokamak vacuum vessels. However, the physics of

the cavity and the resulting modes is not simple, so that every cavity will

be different. The cavity couples radiation to the receiving antenna

• completely in wavegulde- whereas the desired coupling is free space.

• The physics of the antenna pattern method is readily understood, and

different mechanical systems should produce the same result. Only one

polarisation is excited, and this could have some consequence. Errors in

antenna gain, radial distance and grid spacing will be systematic only -

and these parameters are not difficult to measure. Although this method is

time consuming, it does produce useful extra information- the antenna

pattern. In this study, drifts in power, particularly those resulting from

moving the BWO, made this technique the most unreliable and difficult.

The choice of which system to employ should be decided by external factors

- such as available space and system sensitivity. Whichever route is

chosen, some degree of automation is essential, and the equipment should be

flexible enough to allow, for _xample, this kind of comparison. As more

experience with these techniques is gained, it is likely that the agreement

will improve. For first measurements, the present result is considered

encouraging and suggests that refinement of the coherent source calibration
t

technlques be contlnued.
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FI_.(1): Untuned Cavity.
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FIG.(2): Antenna Pattern Integration. The antenna pattern was normally

integrated over +10 ° in both planes, with grid size AY,=0.3 °

A_2=0.03 °•
m
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FIG.(3): A comparison of ECE system response measured by three methods:

a) Thermal Source
b) Untuned Cavity
c) Antenna Pattern Integration

The 10% error bar refers to the statistical error of method a) which may
also have an additional 10% systematic error. Methods b) and c) may
contain a 20% systematic error and probably have a similar statistical

• error. Systematic errors will shift the curves relative to each other
without altering their shape, while statistical error may influence the
shape.
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I II

• What is the Limiting Polarization of

ElectronCyclotron Emission Leaving a Fusion Plasma?
m

D.A. Boyd

Labora_orlt for Plaama and Fusion Energy Studies

Univeraitll of Maryland, College Park, Maryland Y_07414 USA

The propagation of electron cyclotron emission

perpendicular to a sheared magnetic field is considered.

Coupled equations for the ordinary and extraordinary modes of

polarization are used to deduce the emerging state of

polarization: the limiting polarization. Tokamaks have a

limiting polarization characterized by the edge plasma

i

conditions, but certain spheromaks for cyclotron harmonics

above £ = 3 will preserve the polarization of the emission at

the source.

I. INTRODUCTION

In the case for which the radiation propagates perpendicular to the

magnetic field, the electron cyclotron emission is generated in two modes

of polarization; the extraordinary mode with its electric vector

perpendicular to the local magnetic field and the ordinary mode with its

electric vector parallel to the magnetic field. This fact was noted by

Engelmann and Curatolo I and they suggested that it be used to measure the

orientation of the magnetic at the source of the radiation. Clearly if

- the radiation emerged from the plasma with the same orientation of the

electric vector as it started, an experimental determination of its

orientation would fix the orientation of the magnetic field at the

EC,-SSAN DIEOO, NOVEMBER 1985 77



source. _is would give us one of those elusive poloidal field

diagnostics.

Unfortunately, as the radiation propagates from its source through

the plasma across an, in general, sheared magnetic, there is a tendency

for the electric vector to rotate with the magnetic field. Thus, in

general, the electric vector will not emerge from the plasma with the

orientation that it had at its source, but at some angle given by the

direction of the magnetic field in some low plasma density region near

the plasma edge.

The orientation of the emergent electric vector is given by the

"limiting polarization", lt is the purpose of this paper to examine the

problem of determining the limiting polarization of electron cyclotron

e

emission emitted from fusion plasmas generated in contemporary devices.

II. THE EQUATIONS DESCRIBING THE PROPAGATION WAVES

The formulation of Fidone and Granata 2 is used to describe the

propagation of the radiation in a plane stratified p]asma. The radiation

propagates in the z-dlrection which is along the density gradient and

perpendicular to the magnetic field which is sheared in the x-y plane

(see Fig. I).

Y

X
w

Fig, 1. The coordinate system. E is the wave electric field and B0 the
confining magnetic field.

78 EO-S SAN DIEGO, NOVEMBER 1985



For this case Idaxwell's equations can be written in matrix form,

i,_ m N m

B 0 8 0 Y B
X X

E 0 0 1 0 E
X X

d/dz ,, i _
C

-B 0 a 0 8 -B
Y Y

I Ey . 1 0 0 0 _Ey (I)_m t, ,,I

where

i

28 N2 sin28
a = N} cos + x

" 2 I - X
NO =

8 = (N_ - _2)z sins cos8

N2 = (I - X)2 - y2
x I -X-Y

y = N2 sin2S + N2 cos2S3 x

where NO and Nx are the refractive indices for the ordinary and

2/u2 2 2
extraordinary modes respectively. X E ep ; Y - mc/_ and S is the

angle that the confining magnetic field makes with the x-axls.

A set of coupled equations are then derived for the propagating

wav_sj i.e.,

dfi + i _ (2)
• d--_-" c qifl " rilfl + ri2f2 + ri3f3 + ri4f4

" where i ffiI, 2, 3, 4 and
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rf2 = - r21 = - i(1/ZN0)(dN0/dz) ,

r34= - r43= - i( I/2Nx)(dN /dz) ,x

NO + Nx

rf3 = - r31 = r24 " - r42 2¢_ _ '

NO - Nx
rf4 - - r41 = - r23 = r32 = - i _ ,

2 N-x

rll = r22 = r33 - r44 - 0 ; _ = dS/dz .

p

ql = - q2 = NO ; q3 = - q4 = Nx "

If the coupling parameters rlj are set equal to zero then the four

waves propagate independently. In this case fl and f3 represent the

forward going ordinary and extraordinary waves and f2 and f4 the backward

going ordinary and extraordinary waves respectively.

The components of the electric field in the x, y coordinate system

are given by

= - i cos_.._._8f - c°s'---'_8f2 + i sln'---_8f3 + sln'---_8f4 ,
Ex / 2N--"_ 1 / 2N""O 42Nx / 2"_x

E = - i sin___j[f sin8 f2 - i c°s'----_8f3 cos8 f4 " (3)

The components of the electric field in the coordinate system

rotating with the sheared magnetic field are given by
o

- 80 EC-S SAN DIEGO, NOVEMBER 1985



• Eq - Ex cose + Ey sin8 ,

P

El = - Ex sin8 + Ey cos8 . (4)

M and i indicate the direction parallel and perpendicular to the local

magnetic field direction respectively.

III. SOLVING THE EQUATIONS

Second order and fourth order equations can be derived from the set

of Equations (2) which can then be integrated along the propagation path

_o find the orientation of the electric field of the propagating wave

when lt leaves the plasma. In general this can only be done numerically

3
although an analytic solution does exist for the case of constant shear.

However, crudely, two extreme cases occur; one in which the electric

vector rotates with the magnetic field and the other when the orientation

of the electric field remains fixed in configuration space. What I am

interested in finding is the boundary between these two cases so the

approximate solutions of Fidone and Granata are significant.

When _ is small and NO ~ Nx ~ i, then FI4 ~ 0. If in addition the

backward waves f2 and f4 are neglected, the Eqs. (2) become

df 1

d--f-+ i_ N0fI - _f3 '

- df 3

d_ + i_-cNxf3" - _fl " (5)
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Equations (3) give us

q

Ex - - I//_(f I rose - f3 sine) ,

Ey =- i//_(f I sine + f3 rose) ,

and

u + cose/slnO
sine x

Ey/Ex = rose u ....- sine/c0se ;
X

sine rose/sine - u 0

Ex/Ey , (6) .= cos-'='_slne/cose+ _0

where Ux = fl/f3; Uo = f3/fl" Equations (4) become

i
E =----f

, /_ I'

El = _if
f_ 3"

The equations (5) can be transformed to

du

x _c (N O _ - _(I + u 2+ i - Nx)U x x )_ = 0d'-_"

duo
- i _ (NO Nx + _(I+ 2c - )u 0 u O) = 0 • (7)

First we consider the solution when the anisotropy A = NO - Nx is

approximately zero. Then the solutions to Eq. (7) are
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s

u - tan[0(z) + _] ,x
B

u0 = cot[e(z)+ _] , (8)

where _ is the angle between the y-axis and the initial orientation of

the E-field. Substituting these solutions into the Eqs. (6) shows that

E /E = cot6 and E /E = tan6 which are constant. Thus the orientation
y x x y

of the electric vector is fixed in configuration space when the

anisotropy is approximately zero that is at very low density.

Next we consider the case where the anisotropy is dominant.

However, _ is sufficiently small to still make r14 negligible. Then if

d_/dz is negligible, we can define two new variables vx and v0,

- _u 1 dVx ix = v dz 2 c (No - Nx) '
x

1 dv0 iu

+yc(N0- Nx) " (9)
- CUo = v 0 dz

Then Eqs. (7) become

d 2 2 d(No -Vx I 2 _ 2 Nx)
2 +_ [_ (No - Nx) + (_) _ i__c2m dz ] vx = 0 ,

dz c

d2v 0 2 2 d(N 0 - Nx)

2 + _ I 2 i c ] v0 0 . (I0)------ -'_ [_. (NO - Nx ) + (c___) + _ _ dz =
dz c

If the anisotropy is much greater than the shear, A >> S, i.e.,
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A- IN0 - Nxl >> 2c_ = S . (ii)

Then the solution to Eqs. (I0) are

- f(NO-N)d-]X

v0 = exp[ i _ - )dz]. (12)-_ f (No Nx

Substitution of these solutions into Eqs. (9) give the physically

acceptable results

U l 0 "°

x

u0 = 0 . (13)

Substitution of these results into Eqs. (6) give

E E

Y = - cot 8 and Ix = cot 8 • (14)
E E
x y

These equations tell us that the extraordinary mode rotates with the

magnetic field to keep the electric vector perpendicular to the magnetic

field and that the ordinary mode also rotates to keep the electric vector

parallel to the magnetic field. Thus at higher density when the

anisotropy overwhelms the shear the electric vector rotates with the

magnetic field.
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IV. DECIDING WHICH CASE APPLIES

The boundary between these two regimes is given approximately by

2c de
INo - Nx[ = m dz or IAI = S . (15)

Since NO ~ N ~ I and if we set X = u2/m 2 and Y = 2/ 2 the left-handx p c

side of Eq. (15) becomes,

• NO N2

_) XY _) .

iT (i " 1_ (I- x -
N ¢I-X

If we set m = £u then Eq. (15) becomes
C

X'/_
I ( 2 ') = S , (16)

J£2 _ - 1 - X"X"

where X' 2 2
= Up/_Oc •

Equation (16) gives us a cubic equation for the critical density

X e ,,i.e , that density above which the anisotropy overwhelms the shear,

0 = _2(£2 _ 1)2 _ (_2 _ 1)(3 2 _ 1)X' + (3_, 2 - 2 - l/_,2s2)X "2 - X'3 .

(17)

" This relationship is plotted in Fig. 2.

i
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i i I _/=6_
I0- 5 -

4
S

I -
2

X' I0l

ld2

ld3 _

10-4 10-3 10-2 IO-I
S

Fig. 2. The critical density as a function of shear for harmonics 2 and
larger.

As the lines are almost straight in Fig. 2, the critical density

_2/ 2 is nearly directly proportional to the shear, S.
p C

Now we need to estimate S for fusion devices,

S = 2--S-cd..e.8. 2 _0 _ (18)dr a _ '

where A0 is the vacuum wavelength of the emission, a the radius of the

plasma and _ is the maximum value of 8.

-3
For circular cross section tokamaks _ ~ w/30, A0 ~ 2 × i0 m,

-4
a ~ 0.5 m, and therefore S ~ 3 × I0 .

a high magnetic field spheromak _ w/2, A0 2 10-3
For ~ ~ _ m_

-2
a ~ 0.I m, and therefore S ~ 2 x I0 .

These values of S cover the range for fusion devices and it is clear

that for tokamaks the critical density is very low and will only occur

near the edge,perhaps within the shadow of the limiter, even for the
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fifth harmonic. The spheromak example shows that the higher harmonics,

£ = 3, 4, 5 could emerge unrotated depending on the operating density of
I

the plasma.

V. CONCLUSIONS

I. The equation delineating the boundary between the two regions is

2 2 210 de

I/N0(1 - N0/Nx ) = _ dz "

2. If anisotropy wins (LHS > RHS) the polarization rotates with the

. magnetic field. If shear wins (LHS < RHS) the polarization is fixed in

configuration space.

° 3. The critical density 2/ 2 is nearly directly proportional to
p c

210 d8
the shear S -

dz "

4. In tokamaks anisotropy wins and the polarization rotates even

for higher harmonics like £ - 5.

5. In a high field spheromak at moderate densities £ = 3 and at

higher densities £ - 4, shear wins and the polarization does not rotate.
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ABSTRACT. The fully relativistic dispersion relation for the extraordina-

ry mode around the electron cyclotron frequency is investigated, both
analytically and numerically, for propagation perpendicular to the

magnetic field and a (relativistic) loss-cone distribution. Both the wave

dispersion and the (spatial) absorption, which can be positive or
negative, as well as the (_ /_c)-range for the absolute maser instability
are evaluated and discussed,p'

INTRODUCTION

Recently fully relativistic investigations of the electon cyclotron maser"

instability driven by a loss-cone distribution have been performed

numerically for propagation both parallel [1,2], and perpendicular [3] to

the magnetic field. These studies mainly deal with the evaluation of the

temporal growth rate of the instability which is appropriate for cases of

wave propagation where time dependences are the dominant feature. On the

other hand, for situations of practical interest in laboratory plasmas,

the problem of cyclotron absorption and emission is more properly treated

as a space-dependent problem [43. Here we investigate analytically the

fully relativistic dispersion relation of the extraordinary mode around

the electron cyclotron frequency _ , for propagation perpendicular to thec

magnetic field in a (relativistic) loss-cone plasma and analyse numeri-

cally both the dispersion (i.e., real wavenumber as a function of

frequency) and the positive and negative (spatial) wave absorption.

Furthermore, the (mp/_c)-range for the occurrence of the absolute maser

instability is obtained.

w
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_t.t.zaEt.ATIVlS'rlcDIsPm_slomm_Z_TION

For propagation perpendicular to the magnetic fieldBo = _ IBo I,the (loca/)disper-

ck±/w isthe refractiveindex and e_jaxe the ij-elementsof the dielectrictensor. For

IN±[ < I,the dominant featuresof the mode dyn_mlcs around the resonance w = _c

axe appropriatelydescribed by taking the finiteLarmor radius effectsin _j to lowest

order, and eva/uating the corresponding non-resonant contributionto the dispersion

relationin the cold plasma limit.The dipersionequation thus reduces to

L t0_ ] ¢ + i_Ni= I - P xx xy (I)
_(_ + _c ) £XX

wltb

+ £¢ = I I ___)2 a_ ) (2)- ( I

e = I - , p _ I ( mp )2 I ( -_..w,f0) (3)

xx 2_(_ + wc) 4 _ _c

• where

I C ,rc)=-- d'p Pi

accounts for the resonant contribution around _ = _ ; Y = [I + (p/mc)2]_,
c

p being the electron momentum, with Pl the corresponding component

perpendicular to Bo, and f0 is the electron distribution. In the cold

plasma limit, (4) reduces to I = 2u/(w - mc), and from (I) the well-known

dispersion equation for the perpendicular X-mode is recovered. Because of

Iu = 0 which is present for w < _c" thethe relativistic resonance Y - _c '

integral in (4) has an imaginary part given by

whose sign depends on the sign of Bf01BpI in tlqeresonant p-domain. From
.i.

(2) ancl (3), assuming _ to be real, it is Ym(¢ + i¢ ) = 2Ym(_ ) =
XX xy XX

-('I,)(_ lw) zImI.
P

We consider specifically a relativistic loss-cone distribution of the

. form

ro cj(.)( Pi)2J _.y
" -- e (5)

mc

where C (U) ---"uJ+1[4_(mc) ' 2j j, Kj+2(u)]-_j . , la= mc2/T is an inverse tem-

perature variable, j £s the loss-cone index (j = 0 corresponds to the re-
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latlvlstlc Maxwelllan) and K (z) is the modified Bessel function of the

second kind wlth index _ and argument z. The average particle kinetic

energy <W> = (<7> - 1)mc2 connected with (5) is

<W> = 3 . 2j + - I mc a (6)

Kj+2(_)

which reduces to < p2 >/2m = (3/2 + J )T to lowest order in

_-_(= T/mc 2 << I).

To perform the integration occurring in (4) it is convenient to use

- 2 /(y2 _ I) and the azimuthal angle of p, thisthe variables Y, x = Pll
II

latter integration being readily carried out, whereas the integration

over x can be expressed in terms of the F-functlon. The result obtained

for the quantity defined in (4) is thus

m I J + (J+1) +s/2 .I( "_c ;j) " 2"aj+2(") - + - j _ (7)aj+ I(u) _ m '12

where aq(U) -- (_/2w)_ e-_/Kq(U) (= I, to lowest order in W-:),

I"Fq -=Fq[U(+-_-mc - I)] = (:_)q-1 ____p(q)ePdY Y(Y'-I-(mlq-I/m)e-UY (8a)
, O

I® [_ (I-i,).]_eW(1-1_) Kq__( -iW(_-I )_: -i dz )q _(1-iT))e . (8b)(I -i_
o

Referring to (8b), by making use of the asymptotic expansion of the Bes-

sel function Kq__, one can express Fq as

_q n!Ik0 k,r(q-klr(q+k)I(z) = . (2")k Fq+k(z) + 0(-_ ) (8c)

with

® -iZ_

e

Fq(Z) --i d_ , (9)
o (1-i'r)q

the series representation (80) of F being particularly convenient for
q

the numerical evaluation of I as the properties of the F-functions are
q

well established [4].
v

As for the quantity (7), one notes that i) the lowest order in U-*,

= Fqi.e., in the weakly relativistic limit, from (8c), Fq , so that
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a

m - J Fj ] (10)I(_c ;J) = 2_[(j+l)Fj.s/, +al2
m

where Fq ---Fq[U((mc/m) - I)]; ii) exactly at resonance m - mc, the func-

tion Fq, in the form (8a), can be expressed in terms of the Whittaker's

function Wk,_, with the result that

[ I _ J+Iwj (2_)I(m,,mc; j) = 2_aj+2(_) aj+1(_")" + _ +'/,

_j 2.)] (11)
J

- _ +_/,(

Wq(2_) - W_,q(2_)/(2_)_e -_ (- I, to lowest order in _-').
where Quantity

(11) is a real quantity, which, to lowest order in _-', reduces to

I (m = _c;j) = u[(J + '/2)(J + '/2)]-'; iii) as mentioned before, the

quantity I has a non-zero imaginary _irt for m < mc; by noting that, from

(Sa), one has
• q-1 m

ImFq "-''_--_r(q) [
(._.) - I e , (12)

from (7) it follows

_(J+1 ) mC 2

[-o. "o
__ e , (13)

x _2 ('m') -I J.1 m
m< m

C

From (13) it appears that either Iml < O, corresponding to positive ab-

sorption (ImNl > O, stability) or _ml > o, corresponding to negative ab-

IronI , instability) depending on whether m < mj(_) or
sorption ( < 0

(mc >) m > mj_), respectively, with _j(_) the frequency at which the

quantity within the curly brackets in (13) is zero, i.e.,

" -_ ,, I + J(J+'/,) T J(J+'12) T (14)

mc J+1 _ - J+! _ "

Hence, mj(_) is a decreasing function of both the loss-cone index J and

the temperature T, the decrease in T being the faster the larger j is.
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Correspondingly, also the width of the unstable frequency range

increases.

(Absolute) maser instability. For N_ = 0 and considering frequencies
around the rlght-hand cutoff the dispersion equation (I) reduces to

+i = 0 or, with (2) to
_XX ¢XF '

I _ 2 c

I being given by (7) for a relativistic loss-oone distribution. Equation

(15) is to be solved for complex w and, as said above, one finds that

Im_ > 0 for wj(_) < w' -_ Rem < we, which corresponds to the (absolute)
electron- cyclotron maser instability recently considered by a number of

authors [I-33. Here, we just note that taking w' = mc(W) and w' = _j(_)

in (151 yields, respectively, the upper and lower limit of (_p/mc)2 for
the excitation of the maser instability, i.e.,

wc = I(w=m ;j"}' mc = I(w-mj(_)IJ) 'mc , (16)max c mln

mi(u) being given by (141, whereas I(w=wj(_);j) is to be obtained from

(7) and I(W-Wc;J) is given by (11), both I's being real and positive. In

(mp/mc)_ =particular, in the weakly relativistic limit, x

(2j+1)(_/2+J)T/mc2. Whereas imp/mc)ma x is an increasing function of both J

and T, (mplWc)mi n is a weakly increasing function of T and a weakly

decresing function of j, (e.g., for T = 20 keV, (Wp/Wc)ml n - 0.20 for

j = I and 2, whereas (0,p/Wc)max = 0.5 for j = I and 0.8 for j = 2; for T

= 100 keV, (Wp/Wc)ml n _- 0.45 for j = 1 and 0.37 for j = 2, whereas

(Up/mc)ma x = 1.1 for J = 1 and 1.5 for J = 2).
Numerical analysis. As is well-known, in the cold plasma limit, the dis-

persion relation (I) predicts a stop band for w < w < mo, with m® the

upper hybrid frequency that corresponds to a resonance for the slow

X-branch (NI > I) and mo the right-band (RH) cutoff for the fast X-branch

(N_ < 0). This picture is significantly modified by the effects of both
temperature, as shown in [5] for a Maxwellian distribution, and loss-

cone. A sample of a numerical analysis performed for a loss-cone distri-

bution is given in Figs. I and 2 for a loss-cone index J = 1 and
w

(Wp/Wc)2 = 0.2. More specifically, in Fig. la Rek1 (normalized to mc/C)

is shown as a function of m/mc, for different temperatures, namely
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T = 15; 18.33 and 20 keV. For the moderately high values of T considered it appears

• that it is in the frequency range _ >_ _c that we wave dispersion senses the thermal

effects. More specifically, i) for T -- 15 keV, there are two disconnected branches, the

corresponding stop band being bounded by the right-hand cutoff downshifted by the

relativistic effects and a low-frequency cutoff occuring at _ = _e ; ii) for T = 18.33 keV,

the two branches get connected through a pronounced dip around a frequency which is

very nearly a cutoff; iii) for T = 20 keV, the single branch connection is more complete

and one tends towards the single branch of the tenous-plasma limit with just a wiggle

around w = wt. It has to be noted that the merging into a sin_e branch occurs at.

temperatures which are lower than those corresponding to a MaxweUian distribution

[5] (which has to do with the fact that a loss-cone distribution is connected with a

higher average particle kinetic energy). As for lm kj., this is shown in Fig. lb for the

same parameters as in Fig. la. The peak values of l hn k.L I for negative absorption

(Ira kj. < 0, for _j (/_) <_ _ < wt, corresponding to instability) are about a factor4

3 larger than the peak values for positive absorption (Irn/¢± < 0, for w < wj(p)),

while the unstable frequency range is narrower than that corresponding to stability.

As the temperature _ncreases further, the wave dispersion is dominated

by the relatlvlstlc downshlft in frequency along with the strong

(positive and/or negative) absorption occurring at _ < _ • As shown inC

Fig. 2a, the single branch at 100 kev differs remarkably from that at 20

keV, the main feature being a pronounced dip around _ = _j(u)(< Wc),
extending down to nearly zero and due to Re (NI")becoming negative Inote

that Rek=i" CRe(k_) + (_)2]_ so that Rel(L - 0J" when eitl_er Re (k_)

, B

(Tm_) a O, or Re(k?) - -(Tm_)z). AS the temperature increases, the dip
.L.

both shifts towards lower frequencies, as a result of the relativistic

downshlft, and reduces its depth, as shown by the 150 keV-curve. For the

corresponding Tm_, shown in Fig. 2b, one notes that In the low tempera-
.A=

ture range the (magnitude of the) peak of negative absorption is higher

than that corresponding to positive absorption, both peaks increasing

. with T, cf. also Fig. Ib (this latter scaling being the same as that of

the absorption for a Maxwellian distribution in the finite-density regime

[4]), _ereas the opposite is true for the hCgh temperature range, cf.v

the curves for 100 and 150 keV in gig. 2b (again, the scaling with
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respect to T is the same as the one for a Maxwelllan distribution in the

tenuous-plasma regime [4]).

Finally, we note that i) the effects on both Re kI and lalkI due to In-.&.

creasing the loss-cone index j and/or decreasing (Wp/Wc)2 have the same
main features as the ones connected with increasing the temperature; ii)

no threshold in (mp/Wc) exists for the excitation of the instability, in

contrast with what happens for the absolute instability, cf. (15).
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for (Wp/Wc) _' = 0.2, j - I and T - 15; 18.33; and 20keV.
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I III

Electron Runaway Effects
Inducedby ElectronCyclotronWaves

L. Demeio* and F. Engelmann
Association Euratom-FOM, FOM-lnatituut voor Plasrna_siea

Rijnhuizen, Nieuwegein, The Netherlands

ABSTRACT

Runaway effects perpendicular to the confining magnetic field, induced by

electron cyclotron waves, were investigated, adopting a quasi-uniform

model. Using the results of [4], the conditions for the quasi-uniform model

to be satisfactory for tokamak plasmas of practical interest are discussed.

I. Introduction

The motion of electrons in velocity space induced by the combined effect of

collisions and electron cyclotron waves around the fundamental frequency

and in the ordinary mode polarization, was investigated in [I], adopting a

model in which both the magnetoplasma and the wave field were taken to be

homogeneous. When applying this model to a practical situation in a tokamak

in which the magnetic field is space-dependent and the plasma is in inter-

action with a wave beam of finite size, the only adjustment was the reduc-

tion of the quasilinear diffusion coefficient [2] by the ratio of the beam

cross section and the area of the flux surface considered. This "quasi-uni-

form" model indicated that runaway effects in the component of the velocity

vector perpendicular to the confining magnetic field, in a certain range of

the parameter _ _ (W-mc)/mc, can occur at relatively low levels of the

: leg/-olpower flux of the waves. Here, m is the wave frequency and mc _

the electron cyclotron frequency (e and m are, respectively, the charge and

the relativistic mass of the electron, c is the speed of light and B the

confining magnetic field) which, in tokamak geometry, is dependent on the

• distance from the main axis of the torus. Recently, the quasilinear

diffusion coefficient has been re-derlved for freely circulating electrons

" Eur_Zom fellow; Commission of the European Communities, Brussels, Belgium
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confined in tokamak geometry, in the presence of a wave beam of finite size

[3,4]. From this, the limits of validity of the homogeneous model can be

derived.

Starting from the results given in [I], we discuss here to which extent the

quasi-uniform model is able to describe runaway effects in practical

situations.

2. The conditions for runaway occurrence

We briefly recall the model developed in [I]. There, the test-particle

method introduced by Dreicer [5] was used to investigate the electron

motion in velocity space, analyzing the topology of the flow lines corre-

sponding to the total force, 6_IF= _ + _F w which acts on the test par-

ticles. Here, 6Fd is the drag force due to collisions and ---"_SFthe force due

to ti%e interaction with the waves. From the kinetic equation for the test

electrons, we have

V

= -6mA6N - andv 3

--_F- m6N _vi(v2)}7

here A = 2_eWnlnA/m 2, n being the plasma density and inA the Coulomb

logarithm, 6N is the density and v is the average velocity of the test

particles with v >> v t, vt being the thermal velocity of the bulk elec-

trons. The quasilinear diffusion coefficient D is given by

2

lekl
fD = c d'k 2 6(_-kv11-_c4_2m2 V m II /7) '

where Y = {I-(v/c)2} -_ k is the wave vector and V is the plasma volume, i

whose linear dimensions are assumed to be large compared to the wavelengths

of the wave spectrum excited. The function Bk is given in [2]; for the

ordinary mode, both at oblique and perpendicular propagation, it takes the

form

lekl_ 1 c_'_ "'_1 I{1-(%"%)_'}(v11/0)',_
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where mp = {4_ne2/m} _ is the electron plasma frequency and e_ the component
of the wave electric field parallel to the confining magnetic field.

This simple model was applied to a number of different wave spectra,

yielding qualitatively similar results in all cases. In Fig. I, the flow

lines and the resonant domain of velocity space are shown for waves propa-

gating obliquely with respect to B, having a fixed frequency _ and a "rec-

tangular" spectrum in k_,,
II

_ _ ) = 0 elsewhere,_,ith_(kli)- _torkoosa - Akll<kll<koo_e + _kll,and f(kll
e being the average angle of propagation. For simplicity, the condition AkJl

II

<< Ikcose I is assumed to be valid and in the angular range under considera-

tion relativistic effects are taken not to be important in the wave propa-

gation properties. The equation of the flow lines in velocity space,

defined by dv/_F v - vd_/_F_, then is

c+v = cos F.

V I [a 0 ..... }_"

cos =

where polar coordinates v, _ are used in the Vl.,, _vI plane, v=0 -= 6Alvlll/°
and c is an integration constant distinguishing different flow lines. The

diffusion coefficient D, in this particular case, is given by

D = _r=e= [I-(Wp/m c)=]sin e H

m=C=mcN {l+[1-(=p/Uc)=]cos= e}_ _. Ivlll,

where H is the Poynting flux, N - kclw is the refractive index and

_11--_<11°/="

The parameter v measures the critical velocity for the occurrence ofo

runaway effects; in the region v < v collisions are dominant, while at- o

larger velocities wave effects are large and hlgh-energy particles can be

produced. The two regions typically correspond to closed (i.e. converging

rapidly to v - O) and open (i.e. diverging to large v) flow lines,
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respectively. In which range the conditions for the generation of runaway

electrons are fulfilled can, therefore, be seen by direct inspection of the
J

flow lines in the resonant domain. Effectively, runaway effects occur if

the resonance domain covers velocities larger than v . They are particu-o

larly strong if v° is a few times vt, because then they are present in the

vicinity of the bulk of the electrons.

3. Applicability of the model and discussion of practical cases

The condition for the quasi-uniform model to be applicable to a tokamak

discharge (major radius: R) into which a finite wave beam (toroidal size:

L; vertical size: 2b) is injected around the equatorial plane, is (see

Ref. 4)

v

i )2 2{1.[g(r)] -2} + (C) > I ,

where

g(r)- I mcL r [i_[i_(b :
/2_ c a _) ] } '

for r > b, and

_h
I c r

g(r) - /'-_ c R '

for r < b, r being the distance from the minor axis of the torus. The

corresponding region in velocity space is the exterior of the ellipse

centered at v - 0, intersecting the coordinate axis at the points

+11-o, c

V_ . + {1+[g(r)]-2}- _
C -- ' Vi" 0"

Therefore, for the quasi-unlform model to be a good approximation for

electron velocities v << c, the value of g(r) must be small compared to I.

Furthermore, for thls model to cover the interesting range of velocities v

somewhat above vr, one needs g(r) - vt/c.
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The properties of the function g(r) are shown in Fig. 2. lt has a maximum

, for r = b, whose value

I _cL b
g(b)=

c R

depends on the cross section of the beam and on the characteristic of the

device. It is readily seen that the most favourable case for the quasi-uni-

form model to be applicable would be that of a large machine with a low

magnetic field and a well-collimated beam, which is a parameter combination

of little practical importance. As an illustration, in Table I the values

of g(b) are given for three different cases, a "reactor-llke" tokamak, a

small device and a compac_ high-fleld tokamak, taking for the beam param-

eters b - 5 cm and L - 10 cm throughout. As a result, the quasluniform

model is never satisfactory for flux surfaces with r - b, while it tends to

be applicable where g(r) << I, i.e. in a (small) range around the magnetic

axis and, usually, in the exterior part of the plasma column, at least

close to the injection port of the wave beam. Effectively, for waves

propagating obliquely with respect to the magnetic field, then the runaway

region is given by

vii>Vo,

vi- > g(r) ,C --

.

v and Vlibeing the lower and the upper limit of the (non-relativistic)
resonant domain.

TABLE I

tokamak R B g(b)
I

Reactor-llke 5 m 4 T I " 1
I

Small I m 2 T ! _ 3

lCompact 1 m 8 T 10
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Let us illustrate the situation by an example. The quasi-uniform model

predicts the occurrence of runaway effects at relatively low values of the

power fluxes of the waves [I], of the order of 0.1 kW/cre2 averaged over a

magnetic surface. For small devices, this is achieved with relatively low

powers (< I MW); on the other hand, in the case of a reactor-llke device,

the corresponding powers tend to be quite large. In Fig. 3 and 4, the

limits of the runaway region are shown for v1 = 0 as a function of Xres,

the position of the resonant cylinder where _ = wc(v = 0). The two examples

refer to a reactor-like device (see Table I) and flux surfaces with,

respectively, r = I and 50 cm. For r = I cm and a plasma temperature T = 10

kev one has g(r) - 2 vt/c = 0.3. This shows explicitely that in the limit r

<< b the domain in velocity space, where the quasi-uniform model is valid,

tends to approach the bulk electrons only in a very limited range around

the magnetic axis. In the opposite limit, r - 50 cm >> b, one even has g(r)

< vt/c. Note that in this case a power of the order of 100 MW is required

to achieve power fluxes leading to runaway product ion. In both cases

runaway production is most efficient if the resonance is situated about

30 cm beyond the magnetic surface considered.

In a small device with a central temperature of T- ] keV the condition

g(r) < 2vt/c would be met only for r < 2 mm and in the outer region of the

plasma in front of the injection port of the beam. In contrast, in the

other regions of the plasma, large modifications of the results of the

quasl-uniform model are found if proper account is taken of the effects of

toroidal geometry and finite beam size [4]. E.g., for r - b - 5 cm only

about 20% of the beam interacts resonantly with particles having IvllI-2v t.
Hence, in total a 5 times higher power, typically 5 MW, must be injected to

actually create a situation similar to that of Fig. I, where a strong

production of runaway electrons occurs.

Similar results are obtained for perpendicular propagation. But since in

this case the waves couple to suprathermal electrons only beyond the range

where absorption due to the bulk electrons occurs, only in small devices,

under very special conditions, runaway generation can occur and be de-

scribed by the quasi-uniform model. .
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" In conclusion, while for special cases the quasi-uniform model is suitable

for analyzing the appearance of runaway effects induced by electron cyclo-

• iron waves in a tokamak plasma, in situations of practical interest this is

in general not the case. Rather the diffusion coefficient [3,43, which

takes Proper account of the effect of the finite beam size and magnetic

field inhomogenelty in the wave-partlcle interaction, has to be used for

obtaining quantitatively satisfactory results throughout. This applies in

particular to most of the plasma core. These effects, on the one hand, tend

to reduce the strength of quasilinear diffusion and, on the other, widen

the resonant domain. Hence, the region where collisional effects dominate,

for a given power flux, is enlarged, while the upper boundary of the

runaway region, if there is any, is shifted towards higher energies.
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The Stability of ElectronCyclotronWaves

• in the Presenceof Stong Electron CyclotronHeating*
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and

C.N. Lashmore_Davies
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We ez_mine the, stability of the O-mode for perpendicular prop_oation when

a certain fraction of the electrons form a hot electron ring. We consider

the case of a sharp ring simpler to analyze and a diffuse ring which mali
t.

occur under conditions of strong electro_: cyclotron heating. In both cases

the parallel distribution of _elo_i_ies is assumed to be Maz_nell,ian. We find

that both distributions can be unstable to the O-mode. For th,n diffuse ring

_oe estimate the temperature of the background thermal plasma required to

stabilize the imtabilitlt.

1. INTRODUCTION

Recently, effects of energetic particles on MHD stability have been of great interest

[1]. It haz been suggested that an energetic component may help the plasn_ to reach the

second stability regime of the ballooning mode. A ring structure of hot electrons may

also set like a limiter to stabilize the kink instabilities by forcing the kink perturbations

to vanish at the ring location.

The X-mode at the second harmonie of the electron cyclotron frequency is par-

ticularly suitable to create such an energetic ring since more energetic particles can be

preferentially heated. These particles then collapse toward the we_Lkmagnetic field side

• *This is a report of work sponsored by the Department of Energy under Contract No.
DE-AC03-84ER53158.
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where the resonance layer may be placed. The collapse to the resonance point by way

of resonance localization [2] only stops due to the effect of relativistic detuning. The

relativistic detuning eventually moves the resonance point outside the particle bounce

orbit, thus allowing a steady-state ring structure.

The distribution function of the ring can therefore be constructed by allowing

a fraction of the electrons to be heated up to the energy such that the resonance

poloidal angle Orcoincides with the angle at the _banana tip" 0t in a circular tokamak.

Assuming that the magnetic field is given by B = Bo(1- _cos0), where _ - r/R,

that the particle energy at 0 = 0 is E = 1_m(v± + v_) and using the invariance of the

magnetic moment _, we find that at the Ubanana tip" E -- 1 2 (1- • cos 0)12(z
withtheresultthat

(1- e),_

1 - cosOt= eV2L • (1)

Choosing the second harmonic resonance to be at 0 = 0 for _/ = 1 fzxes the ap-

plied frequency c#= 2_0 (1 - e). Using the resonance condition for a heated particle

= 21"Io[(1- ecos 0,)/_/], we then obtain

1 - cosO,= ('/-1)(1- e) . (2)
£

2 2
The conditionOt = Or then gives vll/v.t" = ,_- 1, which in the weakly relativistic limit

can bewrittenasv2 = V_ clv[[I.Assuming thatthedistributionofparallelvelocitiesis

Maxwellian, we can therefore write the distribution function for the hot electron ring

as

1 2 2
-"11/'''a - (3)_e

,i

wheretheJ-invarianthasbeenapproximatedtojustifytheconstancyofvii duringthe

heating. The above distribution represents a dJff_ ring due to the thermal spread of

theparallelvelocities.
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2. STABILITY OF HOT ELECTRONRING TO ELECTRONCYCLOTRON WAVES

The hot electron ring distribution discussed above is similar to those used in

gyrotrons to generate electromagnetic waves. For these devices, the distribution is

usually taken to be a sharp ring, i.e., f(v±) - (1/2_rv±0)_(v± - v±o). If such rings

are to be of use in a tokamak, it is important that they should not radiate away

the energy stored in them due to the occurrence of a cyclotron instability. We shall

therefore analyze the stability of the above distribution to electron cyclotron waves.

The plasma will be viewed as consisting of a thermal background plasma with a non-

thermal population of electrons which form the ring. We shall consider two non-thermal

distributions. The first is a sharp ring given by

1 1 2 2
-#ll//_e

fo(_.L,_ll)= 2,r_±---;6(_..L- ,_J..O)_,_,, ,, , C4)

where _± = P±/moc,/_11 = PII/moc, and _e - "yu,/c. The second is the diffuse ring

which may arise under strong electron cyclotron heating, as discussed in the introduc-

tion.

Before analyzing the stability of the above distributions we note the following

points. Zayed and Kitsenko [3] have analyzed the stability of the distribution

6(#,l- _lto) (o).to= 6(_.L- _±o) 2¢/_±o '

• and found that for perpendicular propagation (kll = 0) the X-mode was unstable even

for _11o = 0, whereas the O-mode was only unstable if _11o _ 0. Secondly, Farina,

• Lontano, and Pozzoli [4] have shown that for an ani.s.otropic distribution where T± _ Til

the O-mode absorption coefficient, ao =_ 0 as Til =_ 0 for perpendicular propagation.
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This indicates that the thermal electron gyro-motion is coupled to the cold plasma O-

mode through the parallel thermal motion. The question therefore arises as to whether

the O-mode could become unstable in the presence of a hot electron ring through the

parallel thermal motion tapping the free energy in the ring.

The distribution given in Eq. (4) might also be relevant to gyrotron work since

it includes the effect of the parallel thermal spread, which is usually ignored. In the

present work, we shall only discuss the case of perpendicular propagation (kll = 0) for

which the thermal effects are thought to be absent. We shall show, however, that even

in this case the parallel thermal spread can introduce additional effects.

In the rest of this paper we shall discuss the stability of the O-mode. The question

of the stability of the X- and Whistler modes will be considered elsewhere. The O-mode

dispersion relation for perpendicular propagation is

c2k_
_2 = e,,, (7)

where e,, is the releva.ntelement of the hot plasma dielectric tensor. Since we shall

be dealing with cyclotron resonance of the non-thermal ring electrons, we assume that

we can represev.t the thermal electrons by the cold plasma dielectric tensor, i.e., we

assume that the ring electrons are decoupled from the bulk. We shall include the

damping effect due to the thermal electrons of a MaxweUian distribution later. The

dispersion relation can now be written

c2k2 _2 ,
_2 =1 _2 e,,, (8)

where

2_
// a2(_c)f22¢_. d_±d_,, (9)•"-=-E x,

is

l

v

.n/. 2 is the ratio of the density ofand _,z_represents the non-thermal ring electrons. _/w_

non-thermal to thermal electrons, Xi = IF_,/_ -_/where fie is the cyclotron frequency
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referredto the nextmass ([_,> 0),_ = (I+ _ + X92L)I/2,and Ai = ni__LW/I_e.
a

Thequantity12 isgivenby 12= (1- ea,/_)alo/O#_ + [(ea./_)Ca/o/O#l)i. We
only include the second term of f2 since it is only this one which contains a cyclotron

resonance. Using the sharp ring distribution [Eq. (4)] and taking £ = 1, we obtain for

ZZ

_., I wp,, 2 + #.LO (I0)
•---V_ _2 2n+ ooX02_z2dz,

lj_2 3/where X = #][/#e, Xo2 = (ne/uJ-I- _ .Lo,/_#_ and we have only included the (weakly)

relativistic correction in the resonance term, assuming v_.o/c 2 << 1. For the sharp ring

distribution the analysis could be carried out for v.Lo _ c. Note that the integration in

Eq. (10) follows an integral path to ensure damping in Maxwellian plasmas. Assuming

Xo << 1 we obtain the dispersion relation

OJ_e °)n:z--i 2+ #lO iV_Xoe-X_ (Ii)
- _-'T + w2 2ft+ _ ' '

where the imaginary part in +++'gave the dominant contribution. Equation (11) be-

comes, after differentiation,

-%" = +"'"_n,, xo 2#+2xo+ #+2 "

We note that the second term on the right-hand-side becomes resonant as Xo => O.

This resonance corresponds to a cyclotron harmonic wave supported by the non-

thermal ring electrons. Its frequency is w _- [_e/(1 + X_o/2). The condition for

the non-thermal electron cyclotron mode to couple to the cold plasma O-mode is

(w_e + c2k2L)1/2 = lie/(1 + _0/2). Imposing this condition, we look for a solution

• to Eq. (12) of the form u_= (w_ + c21:il)I/2 + 6w, obtaining

=- +'+ +a, 2#,,2(+_,++2+1)+12' (131
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wherewe includedonlytheresonantterm on theright-hand-sideofEq. (12).Equation

(13)givesinstabilitywithgrowthrate'7_givenby

_ = T _ 'n._n._/2_. " (14)

The growthrateincreaseswiththenumber ofnon-thermalelectrons,asexpected.As

the parallelthermalspreadincreases,the growth ratedecreasesbut only as TI-11/3.

As Tildecreases,thegrowth rateincreasesbut thebandwidthbecomes narrower.Til

cannotbe made vanishinglysmallwithoutviolatingthesmallX0 approximation.

Letusnow considerthestabilityoftheO-mode tothedistributiongivenby Eq.

(5)-- the diffusering.We againstartfrom Eqs.(8)and (9).Takingonlythe second
Q

term inf2 asbeforewe canwrite

'_ m, _, fo°°J_C:Xz)a (x2_x_)d x (15)
t _' WJO_

e.._- w_ w v_ _Xt ox

where we have singledout the £th harmonic. Note that the integrationisfrom

0 to oo due to the dependenceof 6(fl_.- _/Y[flH[)on [flIl["X isagain _911/_,,Ai

= (n±w/f_e)(V_eX) 1/2and Xe = £n,/w -"7,where "7= (1+ V_,X + _X2) I/2.

Assuming l--1 and making thesmallLarmor radiusexpansion,_,,'becomes

,2 (_)l/:z foOO a (X2e-X 2)¢*'- wn, Xo - X '

where X0 = v/2(r2e/w-1)//_,.Note thatwe have neglectedthe quadraticterm in

thedenominatoroftheintegrandsincethisonlygavea negativerootforthezerosof

thedenominator.SincetheintegrationisonlyforX _>0 thisrcotcouldnot therefore

giverisetoa poleoftheintegrand.The onlyimportantcontributiontothedispersion

relation of ¢.=' is its imaginary part which is obtained by taking the integral path to

ensure damping in Maxwellian plasmas. We therefore write
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. 12

' -iv_ _" 2_,_Xo_(_-xo_)_-_o_ (_7)

Substituting Eq. (25) into Eq. (13) we obtain the dispersion relation for the O-mode

in the presence of a diffuse hot electron ring

2 12

_ _7,_,_x_(I-x021_-o. (is)

ThistimethecoldO-mode iscoupledto a setofresonanthot electronsinsteadofa

resonantmode. We againsolveEq. (18)by assuming_ _--(c_2,+ c2kl)1/2+ 6c_,giving

6w ~ iV/2"___--- c2kl X_ (1- X_)e-x2o (19)

where_o--(_L+c"kt)1/2"Cle_lyfori_'taUlity,,,,',,'eq_.i,',,Xo<_.The',,',=i,',',_
" growthoccursforX02_-0.38.Th_ givestheconditionfl,/w- i : 0.44VT/C where VT

correspondstotheparallelthermalvelocity.

3. CONCLUSION

We are now in a positionto returnto the questionof the decouplingof the

non-thermalringelectronsfrom the thermalelectrons.We previouslyassumed that

therelativisticshiftofthecyclotronresonanceofthenon-thermalelectronswas large

enoughtomove allthermalelectronsoutofresonance.We now examinethiscondition

quantitatively.For theO-mode, thecontributionto theimaginarypartof_ from the

tl:_-malelectronsisgivenby [5]

where Z = c2(c#- n)l._ and we assume VT is thesame forbulkand ringelectrons.

• We may now obtain a criterion for a diffuse hot electron ring to be unstable to the O-

mode. For the purposes of illustration we consider two cases. In the first example, we
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assume that the ratio of the density of non-thermal electrons to thermal electrons is 0.1.

Under these conditions the O-mode is unstable when vT/c _ 0.03. For a lower density

of ring electrons with a ratio of 0.01, the condition for the O-mode to be unstable is

vT/c _ 0.026. Evidently the stability of the diffuse ring does not depend very strongly

on the number density of electrons in the ring. However, the above conditions suggest

that such a ring will be stable to O-mode in a plasma whose bulk temperature is of the

order of several hundred eV but unstable for lower temperatures.
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NOTEC. A Code for the CalculationQ

of Non-Thermal ECE Spectra
Emitted from Tokamak Plasmas

R.M.J. Sillen

Association Euratom-FOM, FOM-Ir_tituut voor Plasmafysica, Rijnhuizen,
Nieuwegein, The Netherlands

ABSTRACT

A 3-D code, NOTEC, has been developed to calculate ECE spectra

for the JET tokamak plasma allowing for a large class of non-thermal

populations. Because bulk densities up to I02° m-3 are expected in JET,

. refraction as well as high-density effects on the absorption and emis-

sion coefficients are included. The thermal and non-thermal absorption

and emission coefficients are calculated using fully relativistic

• expressions. The modular structure of the code makes it possible to use

the code for any tokamak plasma. Results of a comparison with other

numerically simulated ECE spectra are given.

I. Introduction

In many cases the electron cyclotron emission (ECE) spectra

exhibit non-thermal features [I]. Especially in plasmas heated by lower

hybrid-, ion cyclotron- and electron cyclotron waves these features are

observed, but also in low density discharges as well as when trapped

particles are important. The basic tool for studying the relation

between the emission spectrum and the electron distribution is a code

which can calculate the ECE spectrum for a given distribution. Non-ther-

mal features can be modelled with electron distribution functions that

include drifting maxwellians, temperature anisotropy, loss- and anti-

loss cones etc. Because non-thermal emission spectra do not uniquely

correspond to one electron distribution function, one usually has to

simplify strongly when describing the non-thermal features. In practice,

. one is forced to consider a limited class of distributions only.
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Such a code, NOTEC, [2], has been developed for JET, to assist

the interpretation of the measured ECE spectra. Because of its modular

structure it is easy to adapt the code to any toroidal geometry both

with respect to the plasma equilibrium and to the liner. Properties such

as the reflectivity and the shape of the liner as well as the details of

the antenna pattern, can be essential for the emitted spectrum. The code

is kept flexible with respect to the modelling of these properties. In

Section 2, the model underlying the code is described• In Section 3 the

results of preliminary tests of the code are given.

2. Description of the model

To determine the intensity of the radlatlon emitted by a plasma

in a certain direction, k, the absorption and emission coefficient have

to be calculated locally as a function of the angular frequency m, the

density n , the temperature T , the absolute value of the magnetic field
e e

I B I and the angle B between the wave-vector and the magnetic field. The

receiving antenna is only sensitive to a narrow solid angle dm viewing

the plasma. To calculate whether the emitted intensity from a given

location will reach the antenna within this solid angle, refraction has

to be taken into account for regimes with m /m > I. Thus ray tracing ,
p c

as the approximation of geometrical optics is in general valid, fs

required. In NOTEC, ray tracing is done in the same way as in RAYS, a

code developed by Batchelor and Goldflnger [3]. For the dispersion

relation the cold plasma approximation is used. Physically, the problem

of following the radiation emitted locally by a plasma along a ray

toward the antenna is equivalent to calculating the emitted radiation

along a ray starting from the antenna (except of course, if the electron

population has a drift velocity). Numerically, the latter is of great
A

advantage. The total intensity I can then be found by solving along
w

these rays the equation of radiative transfer [4],

B B

IBe-_

IA = _ + [ S (T)e-Td_ . (I)

B)2 JA
w (nr
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Here, S is the source function of the plasma n is the ray refractive
r

index, and T is the optical depth. A is located at the antenna and B is

the endpoint of integration in the plasma where a stop criterion is met,

e.g. a preset value of _ is reached. Thls criterion has to be chosen in

such a way that the first term on the rlght-hand side of Eq. (I) is

negligible•

The integral in Eq. (I) reflects the way the _ntensity is calcu-

lated numerically. After determining the stepsize required, the path of

the ray in a given plasma is calculated, and simultaneously the contri-

bution in each step to the emitted intensity as well as to T. By summa-

tion, one then finds the total intensity reaching the antenna.

The source function S is related to the ratio of the emission

coefficient j and the absorption coefficient a ,

I J_
S = • (2)

n 2
r w

For a thermal plasma this becomes

104 _ I _ J 'i i i i

_2kT 102 _ "
S = ,

8_3c-_

where T is the temperature of IO_2

the medium, and the other sym-
10 -4 _

bols have their usual meaning• / \ .

The thermal absorption and 1°-s . , : _
f

emission coefficients are calcu- IO-s : '_-.... _ -

plated similarly as in SNECTR, an 1o-1O I i i I "9-,,. _ "
0 I 2 3 4 5 6 7

ECE code, valid only for low

densities, developed by S. Tamor _ n._/_¢

[5]. The values obtained with Fig. I. The absorption coefficient a
of a thermal plasma (T = 3 keV, n =

NOTEC were checked against 5 x 10 *' m-', and e =e30°.) calcu _

SNECTR values for the regimes lated by NOTEC, as a function of the
normalized frequency n = m/w , X-mode

" where both codes are applicable, (solid line), O-mode (dashedCline).

see Fig. I. The agreement is The values calculated by SNECTR are
also given: X-mode (.), O-mode (o).

• very satisfactory•
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If the electron distribution function is not maxwellian, the for-

malism given above cannot be used. For an electron distribution function

f(pll,pl),._. where the indices IIand| refer to parallel and perpendicular.A.

with respect to the magnetic field, respectively, the absorption and

emission coefficients for electron cyclotron emission can be calculated,

following [4],from

fr

0 -w

c, = _: J J n_CPll'Pin r
0 -m

E _f (Pll af Pi _f ) 12=P.L (4) "c= _Pl NII T _P.L c aPll dp-[dPll'

where E is the total relativistic energy of an electron, NII is the
I!

parallel component of the refractive index and n is the differential

rate of emission. This differential rate is given by Freund et al. [6].

Assuming that the density of non-thermal electrons is small one can

write the total electron distribution function as the sum of a thermal

population fth and a number of non-thermal populations fh withnth

f = (I - _ Eh ) fth + _ Ehf_
h h th '

where ch (<< I), is the ratio of the density of a specific non-thermal

population to the total density• The property Z eh << I also implies

that the ray refractive index is determined by _he thermal population

only. The source function S then can be written as:

I Jth + E Jnthhs : _ , (5)
n2 Ctth h _nthr
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" where, the j's and a's can be calculated from Eqs. (3) and (4) for each

population h. However, for this more general form of fnth' the integrals

cannot be evaluated using a recursion scheme similar as done for the

thermal case [5], and have to be done numerically [6]. For the

non-thermal populations fnth we use the model distribution function:

Here C is a normalization constant, given by

o

m c_ k+__[1m o= _'*--!-1

C =
m c :_

k k._.+?K [ e )4#_ r( )r(2*3)(0) _.k T
i

where u - yv is the momentum per unit of rest mass and u° is the momen-

tum per unit of rest mass related to the drift velocity, r denotes the

, the modified Bessel function of order m and Tj,li aregamma function Km

the perpendicular and parallel temperatures expressed in eV. Anti-loss-

and loss-cone distributions are obtained for Z=O, k=O, and _-0, k=O,

respectively. The absorption and emission coefficients depend on the

values of k, _, uo, Tj, Tjjand e chosen for the non-thermal populations.
li

As a test, absorption and emission coefficients for a thermal

plasma have been calculated with the non-thermal modules of NOTEC and

compared with the coefficients calculated with the thermal modules. As

can be seen in Fig. 2 the results coincide, except for frequencies below

" the gyrofrequency _ where the results of NOTEC are not valid.
c
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Fig. 2. Absorption coefficients _ for the X-mode calculated by NOTEC, as

a function of the normalized frequency for a thermal homogeneous plasma

(Te = 2 keV, n = 5xI0 _9 m-_, the angle of observation e is 70 o with
respect to the edirection of the magnetic field). The solid line is
calculated with the thermal modules and the dotted line (........... )

with the non-thermal modules.

Taking the density of the non-thermal populations as a fraction

of the total der,sity would imply that th_ non-thermal populations have

the same profile characteristics as the "bulk" density. Additionally to

the specification of the number of particles of a non-thermal population

in NOTEC, one also has to specify, for every non-thermal population the

inner and outer flux surfaces in which this population is situated.

Furthermore, to enable NOTEC to simulate trapped-partlcle populations,

one also has the possibility to limit the range of poloidal angles in

which there is a non-thermal population•

For a thermal tokamak plasma the relation for the spatial llne

width for a specific frequency can be found in Ref. [8] and is, for a

JET plasma (R - 3 m) and for temperatures ranging from I to 5 keV, of

the order of 5 to 25 cre. For a non-thermal population this line width

can become appreciably larger• The combined appearance of thermal and

non-thermal populations generally results in different scale lengths for

the thermal and non-thermal absorption and emission coefficients• These

different scale lengths required special numerical care•
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While NOTEC is a 3-D code, some three-dimensional effects are

" treated in a simplified way. Toroidal symmetry of the liner is assumed,

so that one has to specify the wall characteristics for one poloidal

" plane only. For frequencies for which the plasma is optically thin, the

optical depth along a ray will not reach the preset, z-stop criterion in

a single transit. A reflection of the ray then will occur. Although for

a fully realistic simulation of reflections, a complete 3-D description

of the vessel, its ports and bellows, etc., would be necessary, in

practice this will be too time consuming. To model reflection effects

NOTEC provides three options. Geometrically the vessel wall is described

as a torus having a smooth surface reflecting like a mirror. To describe

the reflection process one has to give the reflectivity of the wall

material and also the reflection matrix elements which account for

polar izat ion scram_l irig.

In the "plane-slab" option, a reflection modelling similar to the

plane-slab approximation of a tokamak is used, but these model param-

eters are then the same for every reflection occurring in the torus and

they have to be specified as input parameters. The angle of reflection

is determined by specular reflection and calculated by the code. In the

option of "specular reflection" the reflectivity is still an input

parameter but the matrix elements and the angle of reflection are

calculated by the code for an electromagnetic wave reflected on a

conducting surface (Ref. [8]). In the option of "diffuse reflection",

+ the angle of reflection is chosen at random out of a cone which gives

the probability that a specific direction occurs. The width of this cone

is determined by an input parameter. The limits of the cone function

yield the complete diffuse reflection and specular reflection cases.

Once the incoming and outgoing direction of the wave are specified, the

code calculates the reflection matrix elements. The reflectivity of the

wall is again an input parameter. To be able to account for the exis-

tence of ports, etc., which are additional sinks of radiation, the

reflectivity of the wall can be specified as a function of the poloidal

. angle.

The actual running time of the code depends strongly on the

number of rays which have to be followed. This number is determined by

three effects. Firstly, the total number of frequencies which are
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necessary to build up a spectrum and which have to be followed on

independent rays. Secondly, the number of rays necessary to account for

the antenna pattern, and thirdly the existence of the already mentioned

polarization scrambling and the fact that the 0- and X-mode have differ-

ent ray paths. Because of these effects the total number of rays can

become very large; more than 105 is not exceptional. To reduce the

number due to the latter effect, several options were built into the

code. If refraction effects are small (in the high frequency part of the

spectrum), the possibility exists to solve the equation of radiative

transfer for more than one frequency along a ray and to prescribe that,

after a reflection, only one ray path must be traced for X- and 0-mode.

Even if refraction effects are appreciable, splitting up of the ray is

still not always necessary. The calculation of the absorption and

emission coefficients for an O-mode, along the ray path of an X-mode,

will stlil give a reasonable estimate of the O-mode contribution to the

X-mode intensity• The case of the X-mode contribution to the O-mode

intensity is of course more delicate• If polarization scrambling is

high, the intensity of the O-mode for optically thin frequencies is

largely determined by the X-mode• Both modes have to be traced separa-

tely for the optically thick part of the spectrum, but then reflections

are usually not important•

3. Results of preliminary tests

Apart from a number of Internal consistency checks, NOTEC results

were compared with spectra calculated with SNECTR. In Ref• [9] spectra

calculated for TFR runaway discharges are presented and two models are

proposed• Model b was considered by Tamor to be the more realistic one.

With NOTEC the spectrum was calculated adapting Tamor's model b. The

total number of particles of all the three non-thermal populations, has

been equal for both calculations. The reflection coefficient for the

identical polarization was 0.93, as in Tamor's model b• The coefficient

for polarization scrambling was 0•04• In Fig. 3, both spectra are

compared• The agreement between the two results is satisfactorily.

1_0 F_.-SSAN DIEGO, NO%rI_dBEI:t1985



2•0 i , i

• 7
t,.
= %.5-

E

N t.0--r"

" 0.5- _
I

l 0•0 I _ l
tOO 200 300 400 500

f (GHz)

Fig. 3. Comparison of calculations of emission spectra of TFR done with
NOTEC (....o ....o.... ) and with SNECTR ( ) (see Ref• 10)•

In Ref. [9] Tamor finds that one still has the freedom to adjust in an

appropriate way both the temperature and the drift velocity (i.e. the

parameter Y) for one of the populations in bis model• In fact Y = 1.1

and T - 450 kev gives the same results as Y = 1.25 and T - 700 keV in
e e

SNECTR. This result is reproduced by the NOTEC calculations•

4. Conclus ions

A code to calculate ECE spectra for JET for thermal as well as

non-thermal populations has been developed. The results of the code

NOTEC, for thermal populations, have been checked against simple analyt-

ical expressions. The comparison of the thermal adsorption and emission

coefficients derived with NOTEC, with the absorption and emission

coefficients calculated by SNECTR, gave excellent agreement. The cross-

check of the results for thermal calculations done wltn the non-thermal

modules agree well. As a further check of the code as a whole, non-ther-

o real calculations as done by Tamor [9] were reproduced with NOTEC, and

the agreement was good. After a complete check of the numerical

modelling used to simulate the effects of reflections, antennae patterns

and non-thermal features, additional to those present in the SNECTR

code, the code will be put in operation at JET.

EC-S SAN DIEGO, NOVI_MBBR 19as 121



Acknowledgements

The author wishes to thank Prcf.Dr. H. de Kluiver, Prcf.Dr. F.

Engelmann and Dr. Ir. H.W. Piekaar for their valuable comments on the

manuscript. The author is very grateful to S. Tamor for giving him the

opportunity of using a copy of SNECTR.

This work was performed as part of the research programme of the

association agreement of Euratom and the "Stichting voor Fundamenteel

Onderzoek der Materie" (FOM) with financial support from the "Neder-

landse Organisatie voor Zuiver-Wetenschappelijk Onderzoek" (ZWO) and

Euratom.

References
[1] Brossier, P., Costley, A.E., Komm, D.S., Ramponi, G. and Tamor, S.,

Plasma Phys. and Contr. Nucl. Fusion Research (Proc. 6rh Int. Conf.

Berchtesgaden 1976) Vol I, IAEA, Vienna (1977) 409.

Piekaar, H.W., Rutgers, W.R., RiJnhuizen Report RR 80-128,

Nieuwegein, The Netherlands (1980).

Melin, G., How, J.A., Girard, A., et al., Proc. 4th Int. Symp. on

Heating in Toroidal Plasmas, Rome, March (1984), p. 628.

Boyd, D.A., EC-4 Workshop on ECE and ECRH, Rome, March 1984 and
references therein.

[2] Sillen, R.M.J., Allaart, M.A.F., Goedheer, W.J., Kattenberg, A., to

be published.

[3] Batchelor, D.B., Goldfinger, R.C., Oak Ridge National Laboratory,

Oak Ridge, U.S.A., ORNL/TM-6844.

[4] Bekefi, G., Radiation Processes in Plasmas, J. Wiley and Sons, New

York, U.S.A., 1966.

[5] Tamor, S., Nucl. Fusion, 18 (1978) 229.

Tamor, S., LAPS-26, SAI-77-593-LJ, Science Appl. Int. Corp., La

Jolla, U.S.A., April 1977.

[6] Freund, H.P., Wu, C.S., Oaffey Jr., J.D., Phys. Fluids 27 (1984)

1396•

Goedheer, W.J., to be poublished.

Bornatici, M., private communication.

[7] Bornatici, M., Cano, R., De Barbieri, O., Engelmann, F., Nucl.

Fusion 2_/3(1983) 1153.
[8] Tamor, S., Nuclear Technology /Fusion, Vol. 3, March 1983, p.293.

J A. Electromagnetic Theory, McGraw Hill, New York,Stratton, . ,

U.S.A., 1941.

[9] Tamor, S., Nucl. Fusion 19 (1979) 455.

I_ EC,-5SAN DIEGO, NOV_ER 198S



. PerpendicularElectronCyclotronEmission

for RelativisticLoss-ConeType Momentum Distributions

M. Bornatici and U. Rui_na

Physic8 Department, UA. Volta," Univeraity o,f Pavia, Pavia, Italy

ABSTRACT

The electron cyclotron emission of both the extraordinary and ordinary mode

is calculated, both analytically and numerically, for two classes of relati_

istic loss-cone distributions, for propagation perpendicular to the magnetic

" field and accounting for both finite-density and finite Larmor radius effects.

The effects of varying both the strength of the loss-cone and the temperature

• on the frequency dependence of the emissivity are investigated and discussed

with reference Lo the case of an isotropic Maxwellian.

Introduction
, J ,,,

Electron cyclotron emission perpendicular to the magnetic field is of practi-

cal interest as a diagnostic tool in both tokamak and non-tokamak configura-

tions (Bornatici et al., 1983). As for the latter configurations, with refer-

ence in particular to the bumpy-torus and mirror devices, a key role is

played by hot electron rings whose velocity distribution is likely to be of

the loss-cone type. This paper is devoted to the calculation and discussion

of the emissivity of two possible relativistic loss-cone distributions, name-

ly, a modified Maxwellian having a loss-cone with a sharp edge and a DGH

distribution (Dory et al., 1965). Previous calculations of the emission from

loss-cone plasmas have been mainly numerical (Uckan and Uckan, 1982; Tamor,

1983) or subject to a number of simplifying approximations; e.g., finite-

density effects are disregarded (Winske and Boyd, 1983). Here we present

analytical calculations for the fully relativistic case.
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Shar_-ed_ed loss-cone distribution. The electron distribution is assumed to

be a relativistic Maxwellian of temperature T with a step function in pitch

angle _ = cos (Pll/p)' i.e.,

f(p,cos _) = C(_ O) e-_Y H(cos2_ O - cos2_) (i)

where C(_ o) - _ [4_(mc)3 K2(_ ) cos _o]-I is the normalization constant, with

- mc2/T (mc 2 being the electron rest mass), _o the angle of the loss-cone

and Kv (z) the modified Bessel function of the second kind with index v and

argument z; y ---[I + (p/mc) 2] i/2, with p the electron momentum (Pll and Pl

denoting the components, respectively, parallel and perpendicular to the equi

librium magnetic field); H(coS2_o - cos2_) is the Heaviside step function, that

is H = I for _o < _ < _-_o and H _ 0 otherwise. The limit _o _ _/2 corresponds

to a two-dimensional distribution with no motion along the magnetic field,

whereas _o = 0 yields the isotropic relativistic Maxwellian distribution. The
2

average kinetic electron energy < W > = (< y > -I) mc connected with (i) is

3 K I(I/) 2
< W > = ( ----+ I) mc

U K 2 (I/)

that is the same as for a Maxwellian distribution.

As for the evaluation of the emission (absorption) coefficient connected

with the distribution (I), one has to deal with an integration over the mo-

mentum space for which it is convenient to use the variables Y,X - cos_ and

the azimuthal angle of _, this latter integration being readily carried out.

Referring to wave propagation perpendicular to the magnetic field, the integra_

tions over y and X are uncoupled; the former is carried out simply by using

the 6-function contained in the integrand and describing the relativistic resl

onance condition y - n_c/W = 0, with n >_ I the harmonic number. As for the

X-integrationa we make use of the series representation of the Bessel func-

tions entering the integrand, with the result that the integration can be carI

tied out analytically term by term (Bornatici and Ruffina, 1984).

For the extraordinar_ (X) mode, the emission coefficient for perpendicular

radiation around the n-th harmonic, n >_ 2, is found to be

(X) -U 2n

3n = cr(_-_)I/2 e n

T

-----. -.-----] r "1 r.. "! r..LI+A((_)j2IN(X)j2L (x)_r _ ] (..__)n- 1 ×
2n-3

3o 2_/ K2 (_/) 2n (n-l) ! mc

oo T

b(X) (_)o) [(n N(X) 2 kx Z c ) -----] n >i 2 (2)
k=0 n,k fn,k n+k 2 Gn+k-1 'mc
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2 m/8W2c. The summation over k originates from the series ex-
where Jo - _p c

• pansion of the Bessel functions, the terms with k >_ I accounting for the high-

er order finite Larmor radius (FLR) effects. In eq. (2),

n! [2 (n+k)] '.k

Cn, k - (-i) 2k k! (2n+k) ! (n+k) I (=1 for k=0) (3)

2k 2k (k-l) (n+k)

f I + + (4)

n k-- [I+A (_)] n 2' [2Cn+k 2

The effect of the loss-cone is described entirely by the quantity

2s
2 n+k (cos@ o)

b (x) (@o)- _ (-I)S(n+k) . (5a)
n+k /_(n+k) i s=0 s 2s+I

This is an increasing function of @o' such that

= b(X) b(X) 2
i b (x) (_o=0) .< (_o) _< (_o=90 °) = (5b)

r (n+k+3/2) n+k n+k n+k _(n+k) !

2

¢__9_ mc
The function Gn+k_l-- Gn+k_ I mo ' _ - -_-)' to be referred to as the profile

c
function, is defined by

nm

_ nm q+3/2 c

G - (_--)2q+I [___ ((__)2 - I)] e-_(-_- - i) (6)q c

for _ <nm c, whereas_iGq= 0, for _ >_ nmc; it exhibits a maximum for_

_/ni0c= (i + qT/mc 2) . In eq.(2) the quantity A(_)-'iexy/£xx = i Ex/Ey(the

equilibrium magnetic field being in the z-direction and the wave vector in

the x-direction) is connected with the longitudinal (x) component of the

mode polarization and is taken in the cold plasma limit, this being in ge-

neral an appropriate approximation for all the harmonics except the first

one (Bornatici et al., 1983). The same applies to both the wave refractive

NI( (X)index X) and the ray refractive index Nr .

To lowest order in coS2_o, the series appearing in (2) can be summed up in

terms of the Bessel functions Jn = Jn(b) and Jn = dJn/db, with

" b = N(x) In2 - (0J/_c)2] I/2, with the result that
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(X) 2
3 _ e-_ 2 mc

n i/2 J_ [N(X)_2r (X)_-3 c.--T----
7 J ---- ×J

[(_)_Y K2(u) - r T _ •30

(2')

n_ • (X) (Co=90 o)
nm b "l 2 e-U (mc -I) 3n

× n2ET (c-_) 2 I)_I/2EA(_)J n n - Jo
- +---j** _ , n >i

2

As for the ordinar _ (0) mode, the emission coefficient around the n-rh

harmonic, n >I I, can be obtained from (2), with X _ 0, by multiplying the

right-hand-side by T/mc 2 and replacing both E.A( ,3=FN(x'/NIx)3=- and = by" r n,k

I, whereas Gn+k_ 1 is to be replaced with Gn+ k. Explicitly, one has (Bornati-

ci and Ruffina, 1984)

e-_
2n

jn0) _ n T
----- = [(--'--)I/2 3 EN(0)_ 2n- 1 (____)n x

Jo 2_ K 2 (_) 2n (n- 1)! mc .

T

(%)E(nO ,2__3kx 7 Cn,k n+k 2 Gn+ k , n >i 1 (7)
k=0 mc •

where

2 (s+1)

4 n+k (coso O)

b(0) (_o) _ Y (-1)s (n+k (< . (X) (Co)) (8)
n+k /_ (n+k) : s=0 s ) 2s+3 °n+k

is the function that accounts for the effect of the loss-cone on the emission

of the 0-mode. Unlike the corresponding function (5) for the X-mode, as Co
If%%

increases from 0, bn_k (_o) increases only s lightly"

above the value for a

Maxwellian distribution, b(O)k (Co=0)=EF(n+k+5/2)_ -I, and reaches a maximum

for values of C° which are the higher the larger (n+k) is, the maximum being

a decreasing function of (n+k) (e.g., b! 0) -_0.3 for Co max(1) -_ 24° , whereas_ I,max
(0) u O b(_) (@) tends to 0 asb_ = 0.2 for _ ,^,= 38 ). As C tends to 90 ,
z,max o,max %z; o n+_ -o

coS2Co. Such a non-monotonous dependence on Co has to do with the fact that

the emission (absorption) of the 0-mode is connected with the particle veloci

ty parallel to the magnetic field, in addition to FLR effects, with the result

that the emission (absorption) tends to decrease whenever the decrease of the

parallel velocity tends to prevail over the increase of the perpendicular ve-

locity, as it occurs at significantly high values of the loss-cone angle. The

dependence on the mode polarization of the effect of the loss-cone might
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be of practical relevance for determining the underlying anisotropy of the

electron distribution (Tamor, 1983; Winske and Boyd, 1983).

DGH loss-cone distribution. Another distribution of the loss-cone type is

(Dory et al., 1965)

f(p,_) = C£m p£ Isin_im e-UY (8a)

where

U£/2+I r(_-)

CZm 2 + i) (ab)

with £ and m the loss-cone indexes (£=m=0 yields the isotropic relativistic

Maxwellian). The average kinetic energy connected with the DGH distribution

(8) is

- 3+£ K£/2+I (U) 2

< w > - [-_-- + - i ] mc
K£/2+ 2 (U)

. _ (__T/mc2<which is independent of the index m and to lowest order in U 1 < i)

reduces to < p2>/2m = [(3 + £)/2]_". Following the same procedure as for the

sharp-edged loss-cone, the emiss_., coefficient of the X-mode can be evaluated

analytically; for perpendicular propagation one finds

j(X) _ e-_ n 2n T

r

Jo 2_ K2(g) 2n (n-l) I mc

(9)

x a£m(U ) r. Cn,k fn,k . (X) [(nN(X)) 2 T k---_] Gn+k_1, £ , n >_ 2
k=0 Dn+k'm mc

where

.m+3

F iT) K 2 (U)
(= I, for m=£=0) (I0)

a£m (_) .£+3, m

r (-_--;r (--w--_+i ) K£,2+2/(U)

r (n+k+m/2+ i)
• (X) =

m+3. (1I)

°n+k, m- (n+k) l 1' (n+k+ --'_'-I.e

and
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4

nm

Gq,_ -- [---- ((_.,,._C)2_1)]9_/2 G2 _ q (12)
m

with G defined by (6). Note that, unlike the case of the sharp-edged loss-
q

-cone, the profile function (12) is itself affected by the loss-cone feature,

namely, it depends on the loss-cone index E connected with the momentum di-

stribution in (Sa). In particular, the maximum of (12) occurs at
Z+3 T -I

_/n_ c = [1+(n+k+ -_-) _ ] , that is downshifted as Z increases.

As for the 0-mode, the corresponding emission coefficient around the n-rh

harmonic, n >_ I, can be obtained from (9) with X _ 0 and

b(0) m+3 -ib (X)=(n+k+ by multiplying the right-hand-side by T/mc2" and

n+k,m T ) n+k,m _ [Nr(X)/NI(X)]2 and fn,k by 1, whereas Gn+k_l, i isreplacing both [ I+A(_)]

to be replaced with Gn+k, _ .

Numerical Anal[sis. On the basis of (2) and (9) and the corresponding expres-

sions of the emissivity for the 0-mode, a numerical analysis of the emis-

(X)

sivity spectra of both the X-mode, j(X)=n_=2 Jn , and the 0-mode,
(0)

J (0)=n_l Jn , has been performed and sample results are shown for both a

sharp-edged loss-cone distribution, Fig.s I-3, and a DGH loss-cone distribu-

tion, Fig. 4, taking (_p/_c) 2= 0.1 and varying the loss-cone strength and

temperature. More specifically, the dependence on the loss-cone angle of the

emissivity spectra of the X-mode at fixed temperature, is shown in Fig. I for

_o= 0; 300; 65 ° and 90° , and T = I00 keV. It appears that i) the loss-cone

enhances the emission with respect to that corresponding to a Maxwellian distri

bution (_o = 0), which has to do with the fact that the emission of the har-

monics n >_ 2 of the perpendicular X-mode is entirely connected with FLR ef-

fects, these latter being enhanced with respect to the Maxwellian case since,

for a loss-cone distribution, the kinetic particle energy is preferentially

stored in the degree of freedom perpendicular to the magnetic field; ii) the

emissivities at _o = 0 and _o- 90°' respectively, constitute the lower and up-

per bound, in agreement with conditions (5b); iii) the peaks in the emission

profile occur at frequencies that are independent of the value of _o' which

readily follows from the fact that the profile function (6) and, as a conse-

quence, the corresponding maximum is independent of the angle of the loss-

-cone; iv) the cutoff at the low-frequency side of the emissivity spectrum

is due to the (cold) right-hand cutoff of the (fast) X-mode; v) whereas the

low-frequency part of the spectrum exhibits a line structure, the main peak
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corresponding to the 2.nd harmonic downshifted by relativistic effects, the

corresponding high-frequency part is continuous as a result of the overlapping

of neighbouring harmonics. In Fig.2, the emission spectrum of the X-mode is

shown for a fixed loss-cone angle _o= 900 and different temperatures, i.e.,

T(keV) = 100; 200; 300; 511 (T=mc 2) and 103 . As the temperature increases, it

appears that i) the line structure turns into a continuous profile; ii) the

high-frequency part of the profile is weakly dependent on the frequency, with

the tendency to develop a broad maximum around frequencies that are the higher

the larger the temperature is.

Turning now to the 0-mode, the emissivity spectrum is shown in Fig. 3 for a

fixed temperature T = 100 keV, and three different values of the loss-cone an-

gle, _o 0; 24o; 65° One sees that i) the non-monotonous dependence on _o is

= 24°
more significant around the first two harmonics; ii) for 05 _o _ _o,max(1)

the line structure of the spectrum is dominated by the peak around the first

harmonic, downshifted by relativistic effects. The comparison of Fig. l and 3

shows that for i00 keV the emissivity of the 0-mode is typically an order of

" magnitude smaller than that of the X-mode.

As for the DGH distribution, the emissivity spectrum of the X-mode is shown

in Fig.4 for T = 100 kev and three different values for the loss-cone index,

= m = 0;i;2. The main features of the spectrum are the same as the ones for the

sharp-edged loss-cone distribution, cf. Fig.l. A noticeable difference, how-

ever, relates to the line structure of the spectrum, i.e., the corresponding

peaks tend to be shifted toward lower frequencies as the loss-cone index in-

creases, which is connected with the profile fuction (12) as mentioned pre-

viously.
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FiEure ' captions

Fig. I - Frequency dependence of the emissivity of the extraordinary mode for

loss-cone distribution, for (_p/_c) 2=0 i, T=I00 keV and
aanglesSharp-edgedofthe loss-cone equal to _o=30°; 65° and 900[ The dashed curve
refers to the Maxwellian distribution (_o-0).

Fig. 2 - Same as Fig. l for a fixed loss-cone angle _o=900 and different temper_
tures, T = 100; 200; 300; 511; 103 keV.

Fig. 3 - Frequency dependence of the emissivity of the ordinary mode for a

sharp-edged loss-cone distribution, for (_D/_c) 2=0.1, T=100 keV and
angles of the loss-cone equal to _ =240; 6_O, The dashed curve refers

to the Maxwellian distribution (_o_0).

Fig. 4 - Frequency dependence of the emissivity of the extraordinary mode for

DGH loss-cone distribution, for (wp/wc)2-0 I, T=I00 kev and loss-
a

-cone index £ = m = i; 2. The dashed curve refers to the Maxwellian

distribution (4 = m = 0).
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INTRODUCTION
,m

Electron cyclotron resonance heating (ECRH) has been studied in the CLEO

tokamak at 28 GHz and 60 GHz at the second harmonic, as well as at the

fundamental resonance at 28 GHz [1,2]. Substantial bulk heating has been
observed in all cases and the variation of heating efficiency with electron

density, toroidal magnetic field and plasma current has been investigated.

The measured soft X-ray (SXR) spectra and those deduced from a Fokker Planck

• calculation of the electron distribution function during ECRH at both 28 and

60 GHz agree when the effects of both ECRH and the loop voltage are included.

ECRH assisted start-up at 28 GHz has resulted in the production of

" well-controlled discharges with loop voltage V < 2V throughout. The average

loop voltage during the current rise was ~ I._V corresponding to an electric

field of 0.19 V/m and giving a current rise of 0.44 MA/s.

The effect of second harmonic heating at 60 GHz on the operational

density limit in CLEO has also been studied, lt was possible to lower the

I/N limit (N = nepa2) from 1.7 x I0-14 to 1.0 x 10-14 A m during ECRH.

TECHNICAL DETAILS

The CLEO device has been described in detail elsewhere[3]. Although
originally designed as an _=3 stellarator it now operates primarily as an

iron core tokamak of major radius Ro = O.9m and minor radius a = 0.13m as
defined by two poloidal tungsten limiters placed 180° apart toroidally.

Feedback control of plasma current, line-averaged electron density and both

vertical and horizontal plasma position allows well-controlled reproducible

plasmas to be established with pulse durations up to O.5so For most of the

work to be described here the RF power at both 60 and 28 GHz was injected

along a major radius from the low field side of the torus through open-ended

oversized circular waveguide, with the power transmitted to the antenna in

the form of the circularly polarised TEoz mode. Hence both the ordinary (0)
and extraordinary (X) modes were excited in the plasma.

SECOND HARMONIC HEATING

Second harmonic heating at 60 GHz has been studied over a wide range of

plasma parameters (5 kA < I < 30 kA, 0.3 x 10Z9m-3 < ne < 1.6 x 10tgm-3,
1.0T < B < 1.15T). The typical characteristics of on-axis heating in a

~ _0 ~
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clean we11_conditioned vacuum vessel are illustrated in Fig. I. During the

rf, V is reduced to < 0.5 V so that the ohmic heating becomes a small

fraction of the total power input (< 10%). There is a substantial increase

in soft X-ray emission across the whole plasma (Fig. 2) together with a

broadening of the emission profile (FWHM (ohmic)~ 5.3 cre,FWHM (ECRH)~ 7.7

cm). For optimum heating a fast change in the vertical field is necessary to

maintain the plasma well centred during the rf. Magnetic measurements
deduced from

indicate A(Bp + _i/2) ~ 0.7 in agreement with the change in Bo
the diamagnetlc loop. The central electron temperature, T^o, Increases

from

425 eV to 1250 eV (from a fit to the spectrum of Fig 3a bellowhv < 5 keV) and

there is a small non-thermal tail formation. The density scaling of ABp is
shown in Figure 4a.

A prominent feature of Fig. i is the large fall in Be during the rf.
The gas injection rate is maintained constant from t = 70ms onwards and it

should be noted that the particle recycling coefficient from the CLEO vacuum

vessel is small as a result of titanium gettering between shots. The density

decrease can be countered by strong gas puffing. There is even an increase

short]y after a vacuum break. Figure 4b shows the density scaling of the

density decrease in a clean torus. Attempts to self-consistently explain the

, Be , Bp + Jti/2canB_andthe soft X-ray emission
measurements of V_, lp Teo,
profiles reveal that a consistent picture Y)e established only if the

density profile undergoes a substantial broadening when the rf is on. The

decrease in n_ can then be explained with only a ~ 10% fall in the totale
number of particles. Ray tracing indicates that for these discharges

refraction of the rays away from the inaccessible region where the density

exceeds the X-mode cut-off density (~ 2.2 x lOlgm-3) becomes more significant

as Be increases. This leads to a strongly localised off-axis power
deposltion which may be responsible for causing the density redistribution

and/or particle less.

The heating efficiency is sensitive to the resonance posit:ionwith the

stored energy increase, AE, reduced to half its maximum value when the

resonance is at r/a ~ 0.5. At low plasma current, where the energy balance

is dominated by the rf (Prf/Pn, ~ I0), AE increases linearly with plasma

current. From ~ 15 kA (qa ~ _'Ito 30 kA (qa ~ 3.5) a saturation in AE is
observed as the ohmic power becomes comparable to the absorbed rf power.

Assuming that the energy confinement time, rE, is identicailbefore and
during rf injection, it is calculated that up to 60% of the rf power is

absorbed by the plasma during 60 GHz second harmonic heating. Multiple-pass

ray tracing calculations indicate that after the initial temperature increase

_nd density profile evolution the absorption should be > 90% impllyinga fall

in _E" However, bearing in mind the decrease in Be , the energy confinement
time during the rf with this absorption efficiency is still of the same order

as would be attained in an ohmically heated plasma of similar line-averaged

density.

136 ][_.,-S SAN DIEGO, NOVEMBER 19S5



Results of second harmonic heating on CLEO at 28 GHz have been reported
extensively elsewhere [4,5,6]. The cut-off density is ~ 0.49 x i019m-3 so

- the experiments were necessarily carried out at rather low density where

significant tail formation occurs in contrast to the 60 GHz results (see Fig

3b). The maximum plasma energy at fixed rf power was proportional to I up

to ~ 20 kA. At very low densities (Be < 2 x I01em'3) the electron enPrgy
distribution was anisotropic and there was an increase in the energy

confinement time over the value attained in ohmic plasmas of similar

density.

MODELLING OF SXR SPECTRA WITH A FOKKER-PLANCK CODE

A code called BANDIT ("Bounce Averaged Non-Maxwellian Distributions In

Tokamaks"), has been developed to solve the t7ux-averaged Fokker-Planck

equation for tokamak magnetic field geometry using an implicit finite

difference algorithmI7,8]. The time evolution of the electron distribution

function for a given flux surface, f, may be written schematically for this
code as

. _f_ _f > + < -eE _f 1 _ rv3fx <(_--_)ECRH> (I)_- < (_--_]c me _vu • + <v-'z_'CL_r_E)> + _f

Here < > indicates the flux-averaging, the first, second and third terms on

the right hand side represent the effect of e-e and e-i collisions, the

steady toroidal electric field, E, and a finite energy c)nfinement time, _E'

respectively, v is the electron speed and vI the component of velocity
parallel to the magnetic field. The fourth term represents the additional

heating, in this case ECRH, and has been derived from a quasilinear diffusion

model [7]. Fig 3a shows a comparison between the soft X-ray spectrum

obtained during second harmonic 60 GHz experiments and that predicted by the
code for the conditions shown. The best fit with the model is obtained with

a bulk temperature of 1.1 keV, but the distortions due to the ECRH in this

case are small. Experiments at lower densities and higher temperatures with

second harmonic 28 GHz ECRH give larger distortions in the electron

distribution function as the spectrum in Fig 3b indicates, and these larger

distortions are predicted by the code. The predicted spectrum depends to
some extent on the choice of flux surface but neither the ECRH alone nor the

electric field alone were sufficient to produce such distortions.

. FUNDAMENTAL HEATING
imll

Initial fundamental heating studies at 28 GHz have yielded encouraging

results. Injection of 70 kW into target plasmas with lp~ 11 kA, Be ~ 3.6 x
- I018nr'3,B = 1.015T resulted in a central electron temperature increase from

~ 450 eV _o I keV with no significant tail production. As illustrated in
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Fig. 5 a modest decrease in Be (~ 7%) was observed together with a large drop

in loop voltage (Vk = 1.6V to Vk = 0.5 V). Equilibrium field neasurements

indicated an increase in (Br + _i/2) of ~ 0.64. A _dest broadening of the
soft X-ray profiles was observed comparable to that n_asured during 60 GHz

second harmonic heating. On-axis second harmonic heating of similar target

plasmas at 60 GHz resulted in a central electron temperature increase to ~

1.15 keV for ~ 70 kW of injected power. Thus, for similar target plasmas,

fundamental and second harmonic heating produced comparable increases in the

central electron temperature. However, in general, fundamental heating was

found to be effective in a more restricted region o_ parameter space.

CO_INED 60GHZ AND 2BGHZ HEATING
ii iiii

For a large aspect ratio torus such as CLEO (R/a ~ 7) the fundamental
resonance at 28 GHz and the 2nd harmonic resonance at 60 GHz are well

separated (~ 6cm = O.Sa). For combined heating either one or both of the

resonant surfaces will be at a non-optimum position. If the fundamental

resonance is too close to the launch antenna, reflected power causes early

termination of the 28 GHz rf pulse. Nevertheless for a restricted range of

toroidal fields combined heating at moderate power levels has been attempted

and clear resonance position-dependent modifications to the soft X-ray

emission profile demonstrated. For B =lT (Fig 6(a)) the 60GHz resonance is

inwardly displaced by ~ 6cre(r/a ~ 0._6). During the initial 2nd harmonic

heating the soft X-ray emission profile is slightly broadened and the peak

amplitude falls suggesting a loss of particles from the plasma centre. A

consistent , spatially localised enhancement is observed on the low field

side of the profile. Subsequent addition of rf at 28 GHz (resonance on axis)

produced an overall increase in emission _th no further broadening. In

contrast for B =I.05T (Fig 6(b)) _th the two resonances either side of the

machine axis t_e X-ray emission is increased everywhere and the profile

broadens during 60 GHz injection. Addition of the 28 GHz power results in a

further general increase in emission _'ithno further broadening.

ECRH-ASSISTED START-UP

Studies of ECRH-assisted start-up, using an 80 kW, 20 ms rf pulse at 28

GHz, have resulted in the production of well controlled discharges with I_,~

13 kA, Be ~ 5 x I018m'3 in the presence of a loop voltage Vo < 2V throughout.
The rf was injected at a time t = 4ms (Figure 7) into an_nitial prefill of

deuterium at B_zo = On895T. the plasma formed had a central line-averaged

electron density of _ ~ 0.9 x I01Bm'3-- At this field the fundamentalcyclotron resonance is nwardly displaced~ o.Ogm from the minor axis (ie at

(R-Ro)/a ~ -0.7).
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The plasma current feedback system is triggered at t - 13ms and provides the

initial rate of current rise of 0.75 MA/s. The plasma current reaches its

programmed flat-top level of 13.2 kA at 42.8ms representing an average rate

of current rise of ~ 0.44 MA/s. Throughout this phase the loop voltage is

typically ~ I.IV corresponding to an electric field of E ~ 0.19 V/m.

In Fig. 7 the discharge under consideration is compared with the best (ie

lowest voltage at breakdown) yet achieved in the absence of rf power. The
final current level and the rate of current rise are the same in the two

cases. The preionisation results in a ~ 50% reduction in the volt-second

consumption during the current rise phase and a ~ 50% increase in the

fraction of electromagnetic energy input from the poloidal field system which

is converted to stored magnetic energy. The voltage required at the

initiation of the current ramp is reduced by a factor of 5.

MODIFICATION OF THE DISRUPTIVE DENSITY LIMIT
iiii

. The disruption of tokamak discharges at the density limit (at I/N < 1.5~

x lO-IWAm, where N--xabnR)is widely believed to be primarily a consequence of
peripheral losses erodlng the current density profile to the point where a

steep current-density gradient appears just inside the q=2 surface. The

disruption follows the ensuing destabilisation of the (m=2, n=1) mode, either

directly as an ideal kink mode, or via the overlap of islands of this and

higher order tearing modes which develop subsequently. Thus the density limit

should be raised by any technique which permits higher peripheral losses

while maintaining the stability of the 2,1 surface, eg (i) increasing the

power arriving there (core or local heating), (ii) directly affecting the

current gradient (local current drive, externally induced islands [9]) or

(iii) adding vacuum rotational transform, Tvac. Both methods (i) and (iii)
have been studied on CLEO. Here we present the results for method (i) using
ECRH.

The study was performed with 60 GHz second harmonic heating where

X-mode absorption dominates. The cut-off density is 2.2 x 1019/m3 ,

corresponding to critical Be of < 1.6 x I019/m3 for core heating with
moderately peaked profiles. Thus for interestingly low values of I/N in CLEO

the plasma current has to be < 11 kA. At the resonant field of 1.07T this

corresponds to a high q (10 at I0 kA for example), and hence a tendency

towards rather narrow temperature profiles. For strong absorption an initial

electron temperature > 150 eV is required which is unlikely to be achieved in~

CLEO in the vicinity of the q=2 surface close to the high density limit.o

Accordingly, the best I/N limits were found with the resonance placed at or

near the hot core of the plasma (~ 350 eV under OH only) although ray tracing

calculations show that refractive effects displace the heating zone as neiS
increased. Such an ECRH assisted shot is compared with its OH equivalent in
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Fig 8. An rf power of 120 kW is injected at B_o = 1.07T (corresponding to
second harmonic resonance on axis) and results in a lowering of the

operational I /N limit from 1.7 x I0-14 to 1.0 x 10"IWAm. Since the initial

effect of thPe ECRH is to cause a drop in Be (probably mostly due to profile
flattening), a downward step in plasma current was programmed to facilitate

the fall in I/N while the density was forced back up. lt should be noted that

the close shell (_ ~ 3ms) and powerful feedback systems of CLEO make it very

rare for hard disruptions to fully quench the plasma current.

When the plasma current was programmed to fall below~ 7 kA (ie q > 14)~

then both OH and ECRH discharges would evolve without major disruptions to

cool, quiescent plasmas which were of very low I/N but were not considered

relevant to conventional tokamak operation. An interpretation of this is

that there is some critical poloidal Lundquist number (~ 103 here) below

which MHD activity is suppressed (as is evidenced by decreasing Mirnov coil

signals) and no disruptions can occur.
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" Experimentson Heat Transport

• Applyingthe Modulationand CorrelationTechnique

to Electron-Cyclotron-Heated Plasmas
in the WendelsteinVII-A Stellarator
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and

ECRH Group**
Institut f_r Plasmayorsehung der Uniuersit_t Stuttgart
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Federal Republic of Germany

ABSTRACT

" The electron temperature response to square-wave-modulated electron cyclotron

heating power is measured by means of a multichannel system via electron

cyclotron emission. The experimental data are evaluated to determine the

local heat conductivity coefficient_t(r). An example is given, and the

theoretical model and the data evaluation are briefly outlined.

1 • Introduction

The existence of a well-defined heating zone in an electron-cyclotron-heated

(ECH) plasma allows direct experiments on heat wave propagation perpendicular

to the magnetic surfaces from which the local heat transport coefficient _r)

can be derived /1, 2/. We carried out such experiments in the

WENDELSTEIN VII-A Stellarator (R - 2.0 m, a = 0.I m, I - 2, m - 5) in which

the heating power pECH was modulated by periodic reduction by 2_PECH,

(2&pECH/p ECH -0.3) and the temperature response to this perturbation,

resolved in both time and space, was measured by means of electron cyclotron

emission (ECE).

2. Experimental set-up

We use a 70 GHz/170 kW/lO0 ms gyrotron for plasma build-up and heating. The

" G. Cattaaei, D. Dorst, A. Elsner, V. Erckm,L--, G. Grieger, P. Grigull,
• H. Hacker, H.J. Hartfu_, H. J_ckel, R. Jaenicke, J. Junker, M. Kick, H. Kro_ss,

G. Kuekner, H. Man, berg, C. Mahn, S. Marlier, G. Mffller, W. Ohlendorf,
F. Rau, H. Runner, H. Rh_gler, F. Sardei, M. Turret, A. WeUer, H. Wobig,

" E. WEnching, M. Zippe

•" W. Kaspazek, G. Mfdlez, P.G. SchEUer, K. Schw6rer, M. T]mmm, R. WilheLm
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resonance layer is distributed within the magnetic flux surfaces, thus

resulting in a symmetric ECH power deposition. The results reported are

obtained for a quasistationary discharge characterized by the following

parameters: total energy content about 400 J, electron density on axis 2 x

1019/m3, electron temperature on a_Ls 740 eV, ion temperature about 150 eV.

3. ECE measurements

The simultaneous measurement of the transient electron temperature at 8

different radii ri on the hlgh-field side of the temperature profile was

carried out by means of a multlchannel heterodyne radiometer /2/ tuned to

monitor the band ranging from 140.96 to 146.00 GHz within the second-harmonic

electron cyclotron emission spectrum. The band corresponds to radii between

+ 0.6 and - 6.3 cm (- a =;r=_ + a). The distance ri - ri_1 is about I cm,

the spatial resolution dr about 0.5 cm. The temporal resolution is deter-

mined by the sampling rate of the data acquisition system which is 13.6 khz.

i , ; , i , i I i I ,

"mm F',,
I : ! ,

' I

I
fro.,,

= Fig. 3a:

,,, k/\ f The transient electron
D

_'< vVV__ ^ ^ ,,,_d "_ "J "A /RA/_[_J_° temperature as measured byn.
"' the individual channels. The

w signals are normalized to chan-
z
o nel 4 at 40 ms to enhance the

ration zone is given in cm of

'k I_ radius as defined in the text"

_/a _J ',10 Channel 1 corresponds tO
0.62 cre,channel 8 to - 6.30 cre.

_/_ -" Channels displaced for easier

' , , , comparison. Included is theo.o_. o.o6 o.os o.lo

TIME (si square wave gCH power signal.
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Figure 2 gives the observation geometry: as before, 3 rays D, E, F

characterize the circular receiving horn A (ECE). Behind the horn a D-band

rectangular wavegulde acts as a hlgh-pass and X-mode polarization filter. An

oversized circular wavegulde (_ = 23 mm, 5 m long) transports the radiation

to the receiver.

The dashed areas in the figure indicate the position of the 8 observation

channels. The Ta-profile information obtained ts in good agreement with the

Thomson scattering results.

Figure 3a gives as au example the transient electron temperature Te (ri, t),

i = 1...8, during 230 Hz modulation of the heating power. To enhance the

modulation aT e (ri, t) of the electron _.emperature (_Te/T e _ 5 Z), the

signals are normalized to have the same magnitude at t - 0.40 s as the

channel 4 signal. Figure 3b gives the signals of channels 1 and 6 separately

during the modulation phase to demonstrate the time delay.
• • i i i i i i i li | _i

AI---- T, (rl.t) I

_ --- Te (rs.t)
z

: i

_, _ ,

I_J

" ! lillilli . " ' :

, l li

li[l!lll;
o_,00 _0 CO -tO. aO tO. CO _O. CO _O. OO

TIME Ims]

FI6. 3b: The enhanced channel 1 (0.62 cm) and channel 6 (-4.37 cm) signals

during the modulation phase clearly exhibit a phase shift.

• 4. Evaluation of the experimental data

The transient electron temperature T (r 1 t) is measured well within thee

power deposition zone, and so ft is necessarily in phase with the ECH power

EC-5 SAN DH_OO, NOVEMBER 1905 149



i.a

_" I1/

n_

ul

' /i(/1
ul
0
O:

I
I
I
I

,__
i • 1 , v

0.0 200 400 600 800 1000
FREQUENCY CHERTZ]

FiZ. 4: The Fourier transfora of the cross-correlation function of the tvo

signals of _tgure 3b.

L2

230 Hz
1.0

1.0

0.8 t$"_
X

P'l

>.

E 0.6 w
"-" 0

<0/. .._

0._=
0.2

(:10 --_ 0.2

i2)
-0.2 ' , , , J .... ' I I i , (10

-' 0 -S ,_ 5
RADIUS [crni

FiE. 5: The time delay as function of radius, curve (1), vlth left hand side

scale and the _)dulatton aaplttude, c-rye (2), with corresponding ..

scale at the right.

150 S(>S SAN DIEGO, NOVIIVl]B]_I_L1985



modulation. It is used to construct the cross-correlation function
T

iRli (_)= (I/T) Te (r t t) • Te (rf, t +C) dt_ i = 2...8

from which by Fourier transform the complex cross spectral function is

obtained, which directly yields the time delay At (r i) of Te (ri,t) related

to Te (rl, t). Figure 4 gives the cross-spectrum for the two signals of

Figure 3b. Besides the modulation frequency, its weak harmonics can be seen.

The width £f of the spectral line is mainly due to the short observation

interval T of only about 40 ms (Ag • T _1).

Figure 5 gives _t (ri) within - 7 cs< r < 0.5 cm together with the

modulation amplitudel£Te (ri)[ • Owing to the increasing heat capacity of the

. plasma with increasing Jr I , the modulation amplitude decreases. The time

delay increases monotonically owing to the finite time necessary for electron

heat transport (as long as the power deposition at greater radii can be

neglected).

5. Theoretical model

To evaluate the experimental dat_, a simplified transport model is used. We

consider only processes related to the electron temperature gradient in an

axisy_etric model. The modulated power pECH (r,t), which is assumed to be

purely sinusoidal with angular frequency wand amplitude £ pECH, causes the

temperature modulation with complex amplitude _ Te (r), which includes the

phase shift or time lag effect. The time dependence of_ and n is of higher

order and thus neglected. The volume electron power loss pL which contains

radiation loss and energy transfer to the background ions depends on T . Ine

lowest order of expansion, the modulated part is given by

(_PL/_Te) • _Te(r) • • i_t. In first order of expansion, the electron energy

balance equation:

. + (rn_)' , pECH _ 1 _pL 3 _'_(£ Te )
rn_ t '(aTe) + - "_ "_T----:"+-_-i "&Te - 0

which has to be solved numerically. £T e is fitted to the experimental data

yielding _t(r).
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6. Results and error discussion

We restrict the evaluation of the electron heat conductivity coefficient to

outer regions (Irl > 3 cm) where the power deposition is negligible,

pECH (r > 3 cm) = O. Figure 6 gives_r) as obtained from this modulation-

correlation experiment. It is within a factor of two in agreement with

results obtained from the stationary energy balance and theoretical

predictions /4/.

The accuracy of the method is crucially determined by the extend to which the

power deposition and observation zones can be separated. Incomplete single-

pass absorption of the ECH wave followed by wall reflections can cause power

deposition in the boundary layers of the plasma column, that completely

compensates the phase delay. Figure 7 gives an example. Because boundary

. layer deposition cannot be completely excluded, the result given in Figure 6

is more an upper limit to the real radial transport coefficient profile.
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ABSTRACT

The ECRH facility on TFR uses three 60 GHz, 200 kW, 100 ms gyrotrons. The
power is launched from the low-fleld side of the torus in the ordinary mode

polarization. Introductory experiments were performed with one gyrotron

connected to TFR. Approximately I00 kW of microwave power was injected into
the plasma at 30 ms pulse length. The full system with three transmission

lines connected to TFR hay recently come into operation. Heating
experiments at full power show electron temperature increase up to 2 keV

and a limited degradation of confinement. MHD-stabilizatlon experiments

demonstrate suppression of the m-2 mode up to the maximum ECRH pulse length
(300 ms). Tl_e first experiments on current drive with oblique injection of
microwave power and frozen primary loop voltage do not snow a current

increase that cannot be explained by a thermal decrease of resistivity.

I. Introduction

The Joint effort of the Associations Euratom-CEA and Euratom-FOM on elec-

tron cyclotron resonant heating, current drive, and pre-lonlzation in TFR

[I] was initiated in 1982, and was given its technical basis _n 1983 and

1984. The ECR heating system, on which a technical companion paper [2] will

be more explicit, consists of a hlgh-voltage supply, a regulator modulator,

three 60 GHz, 200 kW, 100 ms assemblies, each with a separate transmission

llne to TFR, and a data acquisition and control system. The first assembly

delivered power into TFR in March 1985 and full operation of the whole

system was reached in August 1985.

The microwave power is launched into the plasma through open oversized

wavegulde antennae and has a horizontal polarization (TE11-mode) to couple

to the ordinary (O-)mode in the plasma. Figure I shows the disposition of

the one oblique and the two perpendicular launchers and of the two types of

mirror that can be placed on the inboard side of the torus wall. The

polarizatlon-twlstlng reflector allows interaction from the inboard side
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glg. I. Positions of the antennae and of' the reflecting mirrors:

a), c), and d): the one-slcled polarlzation-twlsting mirror.

b) : the symmetric, roof-top, smooth mirror.

TFR (maJor radius 0.98 m) was operated with carbon limiters, generally at

0.20 m minor radius. The ohmically heated target plasmas had the following

character Isr ics:
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(o) = (1*3),_10 _g m-s Ip - 100_150 kAne
T (o) - 800+1200 eV V - 1.2+1.5 Ve _ -
T (o) - 300 eV AH - -2.-4 cm
I

B(o) = 20 - 27 kG q(a) = 2.8.4.

The first results, pertaining to one-gyrotron operation (the antenna in the

horizontal plane, 100 kW into the plasma during 30 ms) and obtained on

heating, suprathermal effects, and control of MHD activity, were published

at the Budapest Conference [3]. They were obtained with the smooth roof-top

mirror. The present paper is a first report on full power, full pulse

lengths, three-gyrotron operation, using the polarization-twisting re-

flector.

2. Heatln_

During the introductory ECRH experiments with one gyrotron connected to TFR

[3], two ohmic regimes were explored with a different value of the plasma

current, Ip. For low values of lp (< 110 kA), no MHD activity was observed

and the electron energy confinement time, _E' decreased from 6.5 to 4.5 ms

during central ECRH (100 kW). A quite different behaviour was found at

higher values of lp, where strong MHD activity developed (especially m-2),

giving rise to a strongly peaked temperature profile. Here _E increased

slightly from 3.7 to 4.3 ms during central ECRH.

The two regimes were again explored with full ECRH power. A discharge with

high current (130 kA) is illustrated in Figs. 2-4. The temperature profile

is less peaked than in the hlgh-current case of Ref. [3]. This can be attri-

buted to a higher value of I and therefore a larger radius of the q=2
P

surface. In this type of discharge, large scale MHD activity is observed.

ECRH power was applied in a staged way by switching on the three gyrotrons

with 25 ms intervals. The heating was focussed at the magnetic axis.

During ECRH, the loop voltage drops gradually from 1.8 to 1.1 V. The ion

temperature remains constant with a central value Tj(o) : 350 eV. Contrary

to the previous experiments wlth one gyrotron, the central-chord llne

density does not show a pump-out, lt is quite difficult to maintain the

plasma position (AH = -2 cm) with full ECRH power. The llne density, after

an initial tendency to pump out, often shows en increase during ECRH which
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is correlated with the variation of
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may alsobe connectedwith a small

1.5
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_" 1.0 _ increases the q-v_ue at the lim-

I o. _ iter slightly, and reduces the inter-

o.o actionof the q=3 islandwith the
-20 0 20

wall. Due to a displacement of the
:- r (cre)

magneticaxis,theelectrontemper-

atureprofilesobtainedfrom

Fig. 2. High-current case. Plasma current Ip, loop voltage V_, horizontal

' displacement AH, central-chord line density nL(o), and injected

60-GHz microwave power PECRH as functions of time (a,b,c).

. Fig. 2d. Electron temperature profiles at different times during the dis-

charge as measured in a vertical plane with Thomson scattering.

Bl(o) = 21.4 kG (resonance layer at the magnetic axis).
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Thomson scattering can be pessimistic because they are measured on a vertical

chord centered on the torus axis.

Fisure 3 shows the Te profiles in the horizontal plane of the plasma as obtained

from second harmonic ECE recorded with a scannin8 Michelson interferometer (spa-

tial resolution = 6 cre, scanning time 15 ms). They indicate a much broader Te profile

during ECP_ than is deduced from Thomson scattering althou8 h suprathermal effects

cannot be completely ruled out.

2.5 , I

_ 2.0

1.5 Fig. 3-u

1.o _ Electron temperature, measured from

T 0.5 2_ce emission using a scanning Michelsoninterferometer, in t;lehorizontal plane

0.0 l of the torus. The numbers refer to the
-20 -10 0 tO 20

number of gyrotrons switched on during

r- r (cre) the time of measurement.

The dependence of the energy confinement time on the amount of ECRH power

for this discharge ts given in Fig. 4. Figure 5 shows the density fluctua-

tion spectrum measured at intermediate radii with kI - 6 cm-_ (using micro-

wave scattering).

8[ I' I ", I | , ,' _ I I 20
160 ms

Q
c -I0

2 l -20O L i I I i I I I l I J -30
0 250 500 0 1 2

PL=I::RH(kW) _ f (MHz)

Fig.4.

Energy confinement time as a Fi___.

function of injected ECRH power Density fluctuation spectra before

for the high-current discharge (160 ms) and during ECRH (230 ms).

of Fig. 2. Tl_e straight curve

was obtained using the Thomson-

scattering T profiles;
e . .

the dashed curve using the ECE

temperatures.
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Some high-current discharges at higher magnetic fields were also studied.

They confirm the conclusion of Ref. [3] that the heating efficiency is

reduced when the resonance layer is displaced outward.

A discharge with relatively low plasma current is illustrated in Figs. 6,7.

In this case I is slightly below 110 kA and ECRH heating is central. The
P

loop voltage drops during ECRH by a factor of 3 (I.5 to 0.5 V). The hor-

izontal position of the plasma is much more difficult to control than in

the high-current cases and the displacements give rise to an influx of gas,

as is apparent from the line-density signal. The electron density is rather

low, but the discharge is still thermal. The central ion temperature, as

measured by charge-exchange neutrals energy analysis, shows a very fast

(and unexplained) increase during ECRN from = 300 eV to -400 eV. Also in

this case, a difference is found between the vertical T profile measured bye

Thomson scattering and the horizontal ECE profile, which is here measured

with a superheterodyne system on a shot-to-shot basis. This difference is

probably due again to a displacement of the magnetic axis, which is also

seen on the density profile.

Using the Thomson T-profile, the energy confinement time during ECRH ise

found to be reduced by a factor of 2 (from 5 to 2.5 ms). A smaller reduction

of T is found using the sketched ECE-profile (3.5 ms). A transport code
E

produces the electron heat-conductivlty profile given in Fig. 7, when the

Thomson Te-profile and other experimental profiles are used.

0.15 J I J J I J I J I '

_o 0.10

0 05_(

T o.00° 10 20

r (cre)

Fig. 7. Electron thermal-conductlvity profile as calculated with a transport

code, using the experimental ne, Te and Ti values.

160 _-8 SAN DIEGO, NOVEMBER 1985



' 3. MHD control experiments

The reduction of m=2 activity by ECRH has already been shown (e.g. [3],

[4]). More extensive experiments have now been done on TFR, using the local

heating scheme: by deposlng ECRH power outslde the q=2 surface, the

temperature gradient - and therefore the current gradient- is locally

reduced, leading to a stabilization of the mode through A_[L reduction. It

was found that the efficiency is higher when the energy is deposited out-

side the q=2 surface on the low-fleld side rather than on the high-field

- + r . 6r rather than at R - Ro - r - 6r) becauseside (i.e. at R Ro q=2 q-2
of the better localization. Maximum efficiency is observed at 6 -2 cre,r

but the exact position of the q-2 surface is presently not known with a

precision better than - I cm. Two different types of experiments were

performed. In the first one continuous ECRH power was applied (200 kW

during up to 300 ms) on a target plasma which - without ECRH - exhibits

- strong MHD activity. Figure 8 shows suppression of both the m=2 and the m-3

activity.

150 _-+ __ , , __ E 6 ' '": C6]I

100 _ .- 4
Q.

Q

.J
c

O' ' I I 0 I I ......

,,.,t, . ,. F_ _ _.s - -

2 __''" '' _,,_. :_ _%_' ,o -

II II "

0 --- 0.0
0 200 400 300 0 200 400 600

t Cram) _--( (ms)

Fig. 8. Plasma current (a), central-chord line density (b), m=2, n=l (c),

and m=3, n=1 (d) amplitudes as a function of time, without and with

= _ 12.7 cre,
(dashed curve) ECRH. q(a) = 3.45, rECRH 15.1 cm, rq= 2
r , 18 cre.
q-3

A second type of experiments used a simple feedback loop, where ECRH was on

when and only when the m-2 amplitude exceeded a preset level. Of course

this is a very coarse regulation, and the interest is mainly to show the

effect of ECRH on m=2 rather than to obtain a practical MHD regulation.
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Fig. 9. Feedback MHD control. The following signals are shown as functions

of time: a) rf-power (at the plasma), b) m-2 amplitude, c) m-3

amplitude, d) horizontal displacement, e) safety factor and f)
s

loop voltage . rECRH 13.3 cre, r . 12.7 cre,r . 18 cre.q-2 q-3

Figure 9 shows the repeated suppression of MHD activity with ECRH. The

horizontal displacement, the safety factor and the loop voltage are also

given as a function of time. From their behaviour arises the question

whether the stabilization is due to the mechanism described Just above or

to a displacement induced by heating: increase of plasma energy leads to a

displacement away from the inner limiter and hence to reduction in re-

cycling and impurity inflow, (and also minor radius increase) hence to

stabillzation.

In fact the observation of MHD-activity reduction in central heating exper-

iments may be due to this mechanism (see Sect. 2). When the heating layer

is located at larger radii, both phenomena contribute, but the sensitivity

to the respective positions of rECRH and rq, 2 shows that the predominant

mechanism is the first one, i.e. local J(r) modification due to local Te(r)

modification.
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" Experiments are planned using ECRH power phase-locked to the mode rotation,

following a suggestion by H. Hsuan et al. [5]

4. Experiments on current drive

TFR is usually run with a regulated flat top current value. To be able to

study current drive effects, we froze the primary-winding loop voltage at

the value it had at a preset time (200 ms in Fig. 10). The plasma current

then decayed at a slow rate. Adding ECRH during the decay, we could look

for differences in I(t) behaviour. Three series of experiments were done,

with toroidal field values of 21.4, 2qo0, and 27.0 kG. At the high value

of the magnetic field the first-pass absorption of rf-power is negligible

and two-thirds of the ECRH power is essentially injected from the inboard

slde of the torus in the X-mode at a 70 a angle to the magnetic axis (via

the mode converting mirror).

• 120 , , i , , i , i i 5
.- @ ;

' ' ' '

._ .... 4

t
0 ! I I I I I I I I 0 I I I _

.. o/ , , , , , , , , , ? 4, , ,..., ,..., , , , ,
U

°
<] -2 _ 2

t -3 o ! - -

-4 dJ 0 J _ J J • J J J I I

O' 2_0 500 _ 0 250 500
/

t (ms) _ t (ms)

Fig. 10. Plasma current (a), loop voltage (b), horizontal displacement (c),

and line density (d) as a function of tlme for a discharge with

frozen primary loop voltage after 200 ms.

a) B(o) - 21.4 kG

The microwave power heats the bulk of the maxwellian: one expects a decrease

, in resistivity (seen on the loop voltage when the current is feedback con-

trolled, see Sect. 2). Figure 10 shows a discharge without ECRH. Figure 11

shows the plasma current I(t) behaviour without and with (dashed curve)
v

600 kW of ECRH from 250 to 350 ms. The difference between the current value
3/2

at 350 ms, AI, is approximately 13_. Taking o(r) " Ta(r) , and using the
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temperature measurements, the expected difference in plasma current is

about 205. The experimental value o£ &I is inferior to this expected value.

120 i I I ,' ) ) , 'w I

"" 80

t ° Fig. 11.

0 I I i J I 1 I I I Plasma current without and with
0 250 500

(dashed curve) ECRH (600 kW).

_- t (ms) B(O) - 21,4 kO.

b) B(o) = 24 kG

The microwave frequency is resonant with bulk electrons at r - 12 cm and

with electrons in the centre wlth energies a_-ound 40-60 keV. Thls shift is

due to the relativistic effect alone for mlcl-owave propagation perpendi-

cular to the magnetic axis: Fig. 12 shows I(t) without and with (dashed)

ECRH (400 kW with perpendicular InJectlon). Ti_e plasma current difference

is again AI - 13_. The computed AI using measured temperature-profile

changes is in good agreement with this value. Z£ microwaves are injected at

an angle both the relativistic effect and the Doppler effect are important.

When 200 kW is injected at a 74° angle to the magnetic axis the plasma

current difference is AI . 7_, which is also in good agreement with

computed resistive values.

This means that the current difference can be attributed to a change o£

resistivity of the bulk without any non-lnductlve current drive effect. A

complementary test was done by changing the pZasma current direction: in

the case of oblique injection, the Doppler-effe,.-tterm would have the wrong

sign. In fact, the results were exactly the same, which indicates that the

Doppler-shifted interaction with tall electrons was negligible.

120 "
I I 1 I I i i I i i

_ 80

T 40 F_ls. 12....._.
t

0 I I I I 1 I I I I Pl&_lma current without and with

0 250 500 (da;_ed curve)ECRH (400 kW, per-

pendicular injection).
= t Cms)

B(o) = 2Lt kG.
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c) B(o) --27 kG

The microwave frequency is not resonant w lth bulk electrons within the vac-

" uum vessel, but only with electrons with energies = 90-140 keV. The target

plasma used in these experiments had a low density and a high level of run-

away electrons. No significant difference could be detected on the plasma

current with and without ECRH power for both directions of plasma current

(actually there was, in both cases, a slight tendency for a negative value

of dlr but the obvious explanation was enhanced sputtering in the edge due

to the non-absorbed microwave power flux on the vacuum vessel wall, leading

to impurity increase).

d) Discussioni

These results are preliminary in the sence that the target plasmas used do

not cover the whole range of possible interest. The possibility of non-

" inductive current drive effects at fields > 21.q kG could arise only if a

suprathermal tail is present. Figures 13a and 13b show the electron energy

• spectrum measured with a Si(Li) detector (energy cut-off below 1.6 keV) on

a 21.q kG plasma without and with ECRH. The target plasma is obviously

maxwellian, and Fig. 13b shows the heated plasma to be also essentially

maxwe I1ian.

so 40 (Ei
30

_.= 40
o o

T T ,o0 0
0 t0 20 30 0 t 0 20 30

E_ (keV) _ E_ (keV)

Fig.13. Electron energy spectrum without (a) and with (b) ECRH (600 kW).

B(o) - 21.q kG.

=

Figures lqa and 14b show the spectra at 2q kG. In both figures a tendency

to non-maxweillan is detectable. No obvious difference can be seen: the

spectra are strongly reflecting the central behaviour and at 2q kG heating

is much less peaked than at 21.4 kG.
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Fig.14. Electron energy spectrum without (a) and with (b) ECRH.

B(o) = 24 kG,

Figures 15a,b show the same at 27 kG: here the target plasma exhibits a

significant high energy tail and Fig. 15b is strongly non-maxwellian: even

in this case no non-maxwellian inductive current drive effect was detect-

able.

40 l , _ 40

30 30 -

oo 20 u 20

0 0
0 10 20 30 0 l 0 20 30

_- E (keV) E (keV)

Fig.15. Electron energy spectrum without (a) and with (b) ECRH.

B(o) = 27 kG.
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II

Heating Effectivenessin
a

ElectronCyclotronHeating Experiments
in the Doublet III Tokamak

R. Prater and A.J. Lieber
GA TechnolocjieJ Inc., San Diego, California USA

I. Introduction

A wide range of variability has been found in the heating effectiveness of elec-
tron cyclotron heating (ECH) in the Doublet III tokamak, both using the outside
quasi-perpendicular launch of the ordinary mode and the inside oblique launch of
the extraordinary mode. Although the confinement time for ECH discharges haz
been'found to depend systematically on plasma parameters like plasma current, den-
sity, and toroidal field, a range of confinement times is observed even when these
macroscopic parameters are held fixed. It is this variability within the systematic
framework of the global confinement time scaling for auxiliary heated discharges that
is the subject of this paper.

The experimental heating efficiency of outside launch ECH using the ordinary
mode in Doublet III has been studied previously [1]. These experiments, which were
performed at power levels of 250 kW incident on the plasma, were intended to de-
termine the ECH heating efficiency as a function of plasma density. The density was
varied by changing the level of the injection of deuteri-,_ gas under otherwise fixed
conditions of plasma current (320 kA) and toroidal field (21.7 kG). The unexpected
result was that although the density increased only 25% for a factor five increase in
the gas injection level, it was found that the total energy increase of the plasma, the
density behavior during ECH, and the central dectron temperature increase due to
ECH changed dramazically.

In particular, it was found that at low gas injection rates the net increase in
plasma energy when the ECH was applied was very small (low heating efficiency),
while at higher gas injection rates the net increase was as large as 6 kJ (much higher
heating efficiency) for plasmas with total energy of 30 kJ. Measurements of the central
electron temperature revealed the reverse behavior:, the largest increases were found
at low gas injection raZes. These observations are made consistent by noting that the
plasma line-averaged density drops a relatively large amount (up to 40%) upon the
application of ECH at low gas injection rate, but that the density drop decreases to
less than 10% at the larger gas injection rates.
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These results were obtained from discharges made during a single day. When the
entire Doublet III outside launch ECH data base was examined for these trends, the

• results were much less clear. Experimentally, it was found that simply increasing the
gas injection level would not necessarily yield improved heating efficiency. It seemed
that some other condition of the plasma was involved, possibly having to do with the
plasma interaction with the waft since the Do emission tended to drop in the high
heating efficiency cases and increase in the poor efficiency cases.

The experiments described here extend the heating efficiency measurements to
the case of inside launch of the extraordinary mode. They also make use of an
x-ray spectrometer for measurements of bulk ion rotation speeds; this device was not
available at the time of the outside launch experiments.

II. Apparatus

These experimentswere carriedout on the DoubletIIItokamak usingthe 60
GHz ECH system.The characteristicparametersofDoubletIIIunder which these

experimentswereperformedaxeshown inTable I.The toroidalmagneticfieldwas
• heldcloseto 21.4kG, which keepsthe gyroresonancefor60 GHz power near the

plasma center.For the moderate electrontemperature(1-3keV) and underdense
conditionsused intheseexperiments,most ofthemicrowavepo_/erincidenton the

" plasma is absorbed within a few centimeters of the gyroresonance, so ali the data
described here may be considered to be central heating.

Table1
DoubletIII Parametersusedin this Study

Major radius(m) 1.43
Minor radius (m) 0.38- 0.41
Elongation 1.5- 1.6

Plasma current(kA) 345
Toroidalfield(kG) 21.4- 22.7
Plasma density(10z°m -s) 3.1-4.1
Gas D

ECH frequency (GHz) 60
ECH power (kW), incident 450- 600
Mode X

" For plasmas heated by ECH or by neutral beam injection, the confinement time
I"_ for Doublet III for discharges with relatively high heating efficiency is consistent

• with the global scaling
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re oc Ip p-a

where ex is between 0.3 and 0.4. The most sensitive parametric dependence is on

plasma current Ip, and the auxiUary heating power level Pa_ is also important. The

confinement time is independent of plasma density for 2.0 _ fie _ 6.0 × 1019m -3 and

independent of toroidal field provided the resonance is kept within half the minor
radius of the center, 17 < BT <_ 25 kG. In order to keep the systematic variation in

confinement time to a mirdmum, discharges were selected with plasma current very
close to a constant value, 345 kA, and with ECH power incident on the plasma within
the range 450 to 600 kW.

The experiments were carried out in expanded boundary divertor discharges with
elongations of 1.5 to 1.6. Discharges were selected for those which have a minimum

of 3 cm between the separatrix flux surface and the closest material limiter; this gap
was found to provide the full confinement benefit of the expanded boundary divertor

configuration in Doublet III [2]. The working gas in all cases was deuterium.

The ECH power was launched from the inboard wall as a pure extraordinary
wave. The geometry of the launcher is shown in Fig. 1. The wave is launched in the

plasma median plane at a 30 ° angle to the radial, in the direction of the toroidal field
and plasma current. Calculations using the TORAY ray tracing code [3] indicate that

for this geometry the single pass damping of the wave is strong up to a line-averaged

density of n_ - 5.6 × 1019 m -s, at which density refraction effects become important

and the rays are refracted away from the plasma center. Typical pulse lengths are
200 msec, which is long enough for the plasma to obtain steady state conditions.

In addition to the usual set of diagnostics available on Doublet III, this work
makes use of a curved-crystal Bragg x-ray spectrometer for measurement of the

Doppler shift of impurity ion emission lines [4]. Since the momentum transfer be-
tween the impurity ions and the main plasma ions is strong, the bulk plasma toroidal

rotation speed may be inferred from the Doppler shift measurements of the impu-
rity Lines. The determination of plasma rotation speed has an uncertainty of about

1.5 km/sec. The spectrometer views a chord tangent to the plasma axis in the plasma
midplane, so its measured spectra are strongly weighted by emission from the plasma
center and insensitive to poloidal velocity. The high optical speed of the spectrometer

provides a spectrum every 20 msec during the discharge. In this experiment, the
impurity line used is the helium-Like llne from Ti XXI.

III. Experimental Results

Experimental data from a discharge with poor heating ei_ciency is shown in
Fig. 2 and from a discharge with high efficiency in Fig. 3. The discharges have about

the same incident ECH power levels, but in the discharge of Fig. 2 the injected gas
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• FIG. 1. ECH launcher geometry for Doublet III

level is decreased from 80 Torr-Uters/sec to 0 at a time of 370 msec into the discharge,
while in the discharge of Fig. 3 the gas injection is held constant at 66 Torr-liters/sec
from 400 msec until the end of the discharge.

The behavior of the loop voltage for the two cases is about the same. The
voltage drops from about 0.9 V prior to ECH to about 0.5 V during ECH. The loop
voltage increase for a period of 20 msec at the start of the ECH pulse and the siinilar
decrease at the end of the ECH pulse are due to plasma motion in the radial direction
caused by the change in the plasma stored energy when the input power changes;
similar behavior is found for neutral beam heating as well.

The behavior of the line-averaged density for the two discharges is quite different.
In the poor heating case, Fig. 2b, the density decreases by 40% during the heating,
while in the good heating case the density increases slightly during the heating. In
Fig. 2b the density has not attained a steady-state condition at the time of the
application of ECH, but clearly the heating causes a strong acceleration in the rate
of decrease of the density. Density decrease during ECH has often been observed
on experiments in tokamaks [1,5-8], and some conjectures have been put forward
concerning cause [6,9], but a definitive study of the density drop has not been made.

The soft x-ray (SXR) emission behavior of the two shots is also quite different,

. Figs. 2c and 3c..The discharge of Fig. 2, like the other discharges of this study
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FIG. 2. Plasma behavior for a discharge with poor ECH heating

efficiency. (a) Loop voltage and ECH power incident on the plasma;

(b) plasma line-averaged electron density; (c) soft x-ray emission
along a chord looking radially through the plasma center, with a
bandwidth of d.c.-0.5 kHz; (d) SXR emission as measured by the

same diode used in (c), but with a bandwidth of 1-50 khz; (e)

plasma energy; (f) rotational speed of plasma core, with positive
rotation being in the direction of plasma current; as a function of
time. Plasma current is 345 kA, toroidal field is 21.4 kG (parallel

to I e), and no deuterium gas is injected after 370 msec.
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FIG. 3. Plasma behavior for a discharge with good ECH heating ef-
ficiency. Quantities plotted are the same as those of Fig. 2. Plasma
current is 345 lc&, toroidal field is 21.8 kG, and the deuterium gas
injection level is 51 Torr-liters/sec.

• with poor efBciency, is characterized during the ohmic phase by a relatively high
level of SXR emission and a lack of sawteeth. At the inception of the heating the
SXR emission level increases rapidly, but after 15 msec a burst of large amplitude

. m-1 oscillations occurs near the plasma center, as shown in Fig. 2d. The burst of
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MHD activitycoincideswith the turnoverin SXR emission.Followingthe burst,the

SXR emissionincreasesduringthe ECH pulse.In some dischargeswith poor heating

efficiency,theplasma breaksintosawteethduringthisphase ofthedischarge,but the

behaviorofthe dischargeisotherwisethesame.

The burstof MHD activityalsocoincideswith the turnoverin the increasein

plasma stored energy, Fig. 2e. Prior to the burst, the energy starts to increase at a

rate close to that of a discharge with good heating e_ciency, but after the burst it

decreases gradually to a level lower than that at which it started.

The plasma rotation speed for the discharge with poor heating (Fig. 2f) starts

near zero (stationary plasma) in the ohmic state, and then at the start of the ECH
pulse it begins to rotate in the direction counter to the plasma current. After about

50 msec, following the burst of MHD activity near the plasma center, the plasma turns

around and begins rotating in the same direction as the plasma current, ending up at

a velocity near 25 km/see, which is about a tenth of the ion sound speed. Following
the end of the application of ECH, the plasma typically does not slow back down to
its original state, but it continues to rotate.

The behavior of the SXR emission, plasma energy, and plasma rotation are quite
different for the plasma with good heating efficiency, Fig. 3. The SXR emission starts
out at a lower level in the ohmic phase, where it exhibits sawteeth (Fig. 3c). The

sawteeth continue throughout and following the ECH pulse. The fast SXR emission,
Fig. 3d, shows little activity other than the usual m--1 activity that immediately
precedes the sawtooth fall. In all cases, this m--1 activity is much smaller in amplitude

than the MHD activity that accompanies the start of ECH in a poor heating discharge.

The plasma energy increases during the ECH pulse to a new steady state with
70_ higher energy content (AW-16 kJ) than the initial ohmic state. Following the

ECH, the plasma energy decays to its initial level. For the discharges with good
heating, for which the data of Fig. 3 are typical, the behavior of the plasma energy is
as expected for a plasma heating experiment.

The plasma rotation speed for the high heating efficiency case starts out in the
ohmic phase at 20 km/sec in the direction of the plasma current, and during the
ECH phase it slows somewhat to 10 km/see, Fig. 3£ Following the ECH, the plasma
returns to its original rotation speed. This behavior is quite distinct from that in the
poor heating case. These rotation speed histories are quite characteristic of the two
heatingmodes.

Data for a set of dischargestaken over a periodof two consecutivedays are
shown in Table 2. As mentioned earlier,thesedata have been selectedforconstant

plasma current,centrallylocalizedECH power deposition,moderate plasma density,
and availabilityof plasma rotationspeed measurements. These data are plottedin

Fig.4 as a functionofgas injectionrate.
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Table 2

Dischargesusedin this Study

Ip BT P_ GM rfq(') Vro_(h) V,_ _W T,(O) (c) m=l
Shot No. (kA)(kG) (kW) (T-e/s) (10S'm -' ) (km/aec) History (kJ) (keV) SeLw_ecth(') Burst

44005 344 21.4 530 0 3.4/1.9 0 2 (d) -0.8 - N/Y (t) -
44019 345 21.4 530 0 3.1/1.6 0 2 5.1 3.7 N/N Y
44022 345 21.4 530 26 - 0 2 1.8 - N/N N
44027 34,5 21.4 530 21 3.7/2.5 0 2 3.0 - N/Y Y
44028 345 21.4 530 20 4.1/3.1 0 2 1.6 2.2 N/Y Y

43983 345 21.4 520 66 3.6/3.6 23 3(") - 1.25 Y/Y N
44051 345 21.8 495 33 3.1/2.9 17 3 15.4 1.9 Y/Y N
440,54, 345 21.8 600 51 3.2/3.7 24 3 16.1 1.6 Y/Y N
440,55 345 22.7 600 65 3.0/2.8 2,5 3 13.8 1.7 Y/Y N
440,56 344 22.7 600 65 - 2,5 3 8.4 - Y/Y N
44073 344 21.4 450 65 3.1/3.3 2.5 3 10.2 1.5 Y/Y N
44145 346 21.4 5.50 65 3.5/3.8 28 3 18.7 1.3 YfY N

(°)Before/during ECH.
0_)Before ECH.

- (¢)Du_$ ECH.
(d)v_ behavior is similffir to Fig. 2L
(')Vint behavior is similar to Fig. 3f.
(O-N _ means ao; "Y_ mesas yes.

Figure 4a shows that, as before in the outside launch experiments, the initial

plasma density is only very weakly dependent on the gas injection rate over the range
0 to 70 Torr-liters/sec, but that the final density attained during ECH is much more

sensitive to the gas injection rate due to the large density drop found when the gas

injection rate is low. Figure 4b shows that the relative density drop can be as large
as 40% when ECH is applied and no gas is injected, and that for intermediate gas

injection levels the density can actually increase 15% from the level during ohmic
heating due to the effect of the ECH.

The maxlrn,,m increase in central electron temperature as measured by Thomson

scattering occurs at the lowest gas injection levels where the density drop is laxgest,
Fig. 4c. Under these conditions, the central temperature increase is as large as 3 keV.
At the higher gas injection rates, the increase in central electron temperature becomes
much more modest, about 0.6 keV.

The plasma energy increase from the ohmic phase to the ECH phase shows a

. clear transition from poor heating efficiency below 30 Torr-liters/see to high heating
efficiency above that gas injection rate. The poor heating efficiency cases are char-
acterized by nearly no net increase in plasma energy, while the energy increase is
consistently about 15 kJ above the transition.
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FIG. 4. (a) Plasma density before (o) and during EOH (.); (b)
change in line-averaged density relative to initial density; (c) cen-
tral electron temperature measured by Thomson scattering, before
and during ECH; (d) change in plasma energy from before ECH to
during ECH, where the plasma energy is an average of the energy
change determined from analysis of diamagnetism and from MHD
analysis; (e) Da emission from the plasma, before ECH (o) and
during ECH (e); and (f) plasma rotation velocity prior to applica-
tion of ECH; as a function of the gas injection rate. The plasma
current is 345 ]rA and the toroidal field is 21.4 kG.

In the earlier outside launch experiments, the behavior of the D= emission at the
start of the ECH pulse was found to be predictive of the heating efllciency [1]. lt was
found that for those discharges for which the Da emission dropped upon application
of ECH, the heating efficiency would be high, and conversely. For the discharges of
this study, the Da emission was found to vary very little from the ohmic phase to the
ECH phase irrespective of the heating efficiency. This behavior is shown in Fig. 48.
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The behavior of the plasma rotation during the ohmic phase immediately pre-

" ceding the application of ECH, Fig. 4f, follows the same pattern as the plasma energy.
Figures 4d and 4f show a clear correlation of heating effectiveness with initial rota-

tion velocity, since the discharges without initial rotation are characterized by little

increase in plasma energy, while the discharges which are co-rotating prior to the

ECH experience energy increases of 15 kJ.

Discussion

The correlation between _W with ECH and the initial state of the plasma prior

to ECH is striking. It is clear from Table 2 and Fig. 4 that the relative heating

effectiveness is determined by the plasma conditions prior to application of the ECH.
What is unclear from this data set is whether the plasma rotation or the presence of

sawteeth is the deciding condition, since ali rotating discharges in Table 2 also have
sawteeth before ECH.

The discharges presented in Table 2 include all the discharges in the Doublet III

• ECI4 data bank for which the plasma rotation has been analyzed and for which the

plasma parameters lie within the bounds shown in Table 1. It is possible that further
• analysis of other discharges will distinguish the factor which determines the relative

heating efficiency. For example, discharge #44004, which was described in some detail
in previous publications [10,11] as representative of discharges with good heating, does

not exhibit sawteeth prior to application of ECH. After about 50 msec of ECIt, it

breaks into sawtooth activity. For this discharge, the plasma energy determined from
analysis of plasma diamagnetism rises from an initial value of 31 kJ to 45 kJ during

the ECH with a waveform very similar to that of Fig. 3e. This data shows that
discharges without sawteeth in the ohmic phase may still have good relative heating

efficiency. The rotation velocity of this discharge has not yet been determined.

The role of the m=l burst in the development of the discharges with poor heating

efficiency seems to be to cause expulsion of the high-Z impurities from the plasma

core. Expulsion of high-Z impurities is indicated in discharges like that of Fig. 2 since
the SXR emission dramatically falls immediately after the burst, and the vacuum

ultra-violet spectrometer typically shows a decrease in the emission from the usual

kigh-Z impurities like Ti and Ni correlated with the drop in SXR emission during the

first 30 to 50 msec of the ECH pulse. This effect takes place whether or not sawtooth
activity follows the m=l burst.

In the poor heating discharges which do not experience the m--1 burst, such

as discharge #44022 in Table 2, the VUV does not indicate any change in impurity
radiation following the start of the ECH. The SXK emission increases to relatively

large levels during the ECH, but following the ECH the SXR emission decays only
to the level at which it started; this behavior may be distinguished from that of

• discharges of either Fig. 2, for which the SXlt emission decays to a level much lower
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than thatat which itbegan,or Fig.3,forwhich thesawtoothingSXR emissionstarts

out at a low levelinitially.Dischargeswhich aresawtoothingpriorto the application

of ECH axe alreadylow in high-Zimpurities,and thesedischargestend to have high

heatingefficiency.

For aLIthedischargesof Table 2 which have .tdghheatingefficiency,the plasma

i isrotatingin the directionofplasma currentwith a velocityof a few tensof krn/sec,

f m of order a tenth the ion sound speed,priorto ECH. Applicationof ECH causesa
J_ slightdrop in the rotationspeed. Co-rotationcorrespondsto a positivechargingof

the plasma with a resultanttoroidaldriftvelocityE_ × Bp. For alldischargesof
Table 2 which have poor heatingefficiency,the plasma isnearlystationarypriorto

ECH, and applicationofECH resultsin a rapidlyco-rotatingplasma which does not

slow back down to itsoriginalnonrotatingstateat the end ofthe ECH. With regard

_ to rotation,the finalstateofthe poor heatingdischargeisquitesimilarto the initial

state of the good heating discharge.

i Recent previous studies of plasma rotation in tokamaks have been performed
- usingneutralbeam heating[12-14],forwhich theintroductionofexternalmomentum •

islargeincomparisontothatfrom ECH. The p][asmarotationinducedby neutral

I beam injection is found to be larger for tokamaks with toroidMly symmetric divertors
than for tokamaks with asymmetric material limiters [14], perhaps because the rota-
tion is not required to vanish at the separatrix. For tangential neutral beam injection

at power levels of order I MW, rotational speeds were found of a factor 10 larger than
observed in thc_e ECH experiments. Any correlation between rotation of the plasma
core and electron transport (which is the domi_mt loss channel in the Doublet III
ECH experiments) has not been identified in the PDX neutral beam injection experi-
ments [14], even though toroidal rotation in the o]unic heating discharges was divided

into two categories, one with rotation speed below 3 km/see and one with rotation

speed about 10 km/sec.

ii Summary

High heating efficiency using ECH in divertor disrltm.ges in Doublet III is cor-
related with the presence of sawteeth and with co-rotation of the plasma prior to
the heating. Sawteeth are important for reducing levels of high-Z impurities in the
plasma, but the burst of m--I activity which usually accompanies the start of ECH in

" plasmas without sawteeth is also effective in reducing the levd of high-Z impurities,

whether or not it is followed by sawteeth. However, good confinement is not restored
by either the expul_on of the impurities or by the gene_tion of sawteeth following

the m-1 burst. Some discharges without sawtc_..th in the ohmic phase stRl have good
heating efficiency. Plasma rotation prior to ECH is cormh_ed with good heating el-

I ficiency, but discharges with both good and poor heating dilciency end up with the
same rotation velocity. These resultsare summarized inTable 3.



Table3
. Summaryof Results

Good Poor

Table2 #44004 Table2

Initial rotation Y ? N
Initial sawteeth Y N N

Initial High-Z N Y Y
Density drop N N Y
Final rotation Y ? Y

m=l Burst N ? Y N

Final sawteeth Y Y Y/N N
Final high-Z N N Y
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The 2 MW ECRH Systemfor COMPASS

A.C. Riviere, M.W. Alcock, A.N. DeNis, M. Hughes,
M. O'Brien, D.C. Robinson, and T.N. Todd

UKAEA/Euratom Fusion Auociation
Culham Laboratory, Abingdon, Ozon, OX14 8DB, UK

INTRODUCTION

The new tokamakCOMPASS[I] (R = 0.56m, a = 0.23m, b = 0.38m, B =2.1T, In
= 400 kA) now being constructedat Culham is designedto study and optimis_

the MHD behaviour of the tokamak configuration in both circular and

non-circularcross sections. Additionalheatingand profilecontrol for this
experimentwill be providedby an ECRH system with a power of 2 MW at 60 GHz

" and a pulse length at full power of 5 sec. The experimentswill study the

active control of disruptive instabilities(by helical external windings
. which resonate with specific rational q surfaces and by profile

modification),operation at low q (< 2), optimisationof B in various

non-circularplasmas and long pulse ECRH current drive. The localisedand
efficient nature of ECRH make it ideally suited to these studies. In the

case of bulk current drive, calculationsindicatethat a plasma currentof

300 kA might be driven with the full rf power[2]. Low field side (LFS)
launch of the X-mode for heatingand current drive a_ the second harmonic
will be used initiallyfor optimisationof the plasma at high B, but high

field side (HFS) launch of the X-mode for heatingand current drive at the

fundamentalresonancewill be used to access higher plasma densities and

allow for example densitylimit studiesin non-circularplasmas.
Some of the 2MW of power will be availablebefore COMPASSis completed

and will be used for experiments in the DITE tokamak (R=1.17m,a=O.26m,

B = 2.1T, lp < 200kA). The ECRH physics programme in this case will be
directed at trying to improve the energy confinementduring neutral beam

heating and at studiesof the density limit. This work will start with HFS

antennaeto access the widestpossiblerange of densities.

PHYSICSPROGRAMME

The resultsto be expectedwith ECRH in COMPASShave been studiedby a

• ray tracing[3], I and 1½ D diffusionand stabilitycodes. The calculations
show that quite modest rf powers (<O.5_W)can be used for effectiveprofile
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control. At the highest rf powers it should be possibleto reach plasma
values at least as high as the maximumpresentlyachieved. The limit can be ,

written asi4]

- 2.8Ip (MA)%
Bmax = a(m) B(T}

for an INTOR-like plasma shape and where a(m) is the horizontal minor

radius. At the appropriate,electrondensityfor ECRH at 2_ce,"re= 5 KeV is
required to reach Bmax for lp = O.3MA. At such temperatures the plasma
conductivityis high and the current distributionis frozen in. The time

constant for the current profile to reach equilibrium (sEe/sr= O) assuming

classicalresistivityis given by (Zeff=1)

_L/R(sec) 4.10-4 2 3/2= hi a(m) Te(ev)

For "re= 5 KeV this gives _L/R = 8s. If the heat depositionand pressure
profiles are such that the current profile, j(r), is not changed by the

heating there will of course be no current redistributiondelay in reaching
the final equilibrium. In general the experimentswill be concernedwith

optimising j(r) for stabilityat high lp, B or n-e and the final distribution
will differ significantlyfrom the initialone.

To speed up the approach to equilibrium a two stage heating scenario may be
used whereby a low power initialheating phase establishesa j(r) close to
that finallyrequired. The temperatureremainslow and resistivityhigh so

the required profile is quickly formed. The full heating power with

appropriate spatial distributionis then applied. Results from computer

modelling of this scenario are shown in Figure 1 for heating a D shaped

plasma with inside launch in COMPASSat _ce" The initialtailoringof the
profileis very successful,q(o) adjustingto~ 1.8 in 100 ms, which is close

to the finalvalue. From O.ls to Is there is almost no change in q(o) though

there is a substantial change in the electric field profile with

)/E¢(axi . decreasingfrom 3 to about unity in Is. Figure 2 shows the
E¢(walltl 6Y with two stage ea ng

• S_he plasma t tl
evolu on i from the LFS at 2_ce.
Although equilbriumis not fully reachedby = sec in this case, the time

scale could be shortenedfurtherby delaying the main heatingphase beyond
the t = 100 ms chosen or by adjustmentof the heating profile. In the case

shown _ of 6% is reached with Prf = 1.6MW and a section of the pressure
profileexceedsthe local ballooningmode limit.

In the case of the DITE experimentECRH will be appliedin conjunctionwith

neutral beam heating (I_BH). The beam energy, Eb, is 27 KeV and fourbeam
lines providetangentialinjectionin a common directionwith a total power
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of up to 2 MW. During the slowing down of the fast ions, energy is
• transferred preferentiallyto the thermal ions or electrons according to

whetherTe is above or below the value given by [5]

Eb(keV) Ath2/3
Te(keV)- (-_---)

30 Af
The critical Te for DITE is thereforeapproximately1.4 KeV for an H beam

into a D plasma. Thus independentcontrol of Te by ECRH can control the

sharingof beam power betweenthe two plasmacomponentsand may also provide
the unusualconditionTe > Ti duringNBH. In additionprofilecontrolcan be

used to stabilisemodes enhancedby the beam depositionprofile. The results

obtainedin DIII [6] and in FT1 [7] show that with HFS launch quite efficient
heating is possibleat or even above the X-modecut off density (8.8 x 1019

m-3 for 60 GHz). Since high electrondensitiesensure rapid energytransfer

from beam ions and negligiblecharge exchangelosses,HFS launch providesan
attractive advantage over LFS launch when using NBH. For the first DITE

experiments HFS antennae will be installed. Power deposition profiles

predicted by the ray tracing code for HFS launch (see Fig 5) in DITE are

• shown in Figure 3 for severalvalues of line averagedensity. Good central

heating is found for a wide range of densitieseven without the extensionof
efficient heating to higher densities Observed in the DIII and FT1

experiments.
THE RF POWER SYSTEM

The 2MW of microwavepower is to be providedby 10 gyrotronsinstalled

in two groupsclose to the COMPASSexperiment. The locationis also close to
the DITE experiment so that waveguides are readily connected to either

facility. Two regulatorunits will switch the supply on and off to their

respective banks of gyrotrons, stabilise the voltage levels and act as
protection switches. The control-anode voltage for each gyrotron is

separatelystabilisedto a preset value or to a value which can be programmed

to provide a given time sequence of power levels to the plasma. Direct
feedback control of the output power from particular gyrotrons -

correspondingto particularantennaeand thereforeheatinglocations- will

be possibleusing suitably processeddiagnosticsignalsto controlthe anode

voltages.
As discussedabove heating or currentdrive will have to be maintained

for severalsecondsin somecases to allow sufficienttime for equilibriumto

• be established. Gyrotronswith a pulse length capabilityof 5 sec will be

used, equal to the toroidalfield pulse length. The evolutionof the current

profile and the electron velocity distribution over these long periods
- together with the developmentand control of the MHD activity will be of

centralinterest.
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THE WAVEGUIDESYSTEM

The averagedistance from gyrotron to plasma is ~ 40 m and for most of

this the power will be transmittedin the low loss TEol mode. Becauseof the

02 absorptionpeak at 60 GHz the atmospherein the guideswill be purgedwith
N2. The sequence of components in a typical transmissionline is shown
schematicallyin Figure4.

At the gyrotronoutputwindowmore than 95 per cent of the power will be

in the TEo2 mode in circularguide with a diameterof 63.5 mm. Conversion

from TEo2 to TEol is readilyachievedby sinusoidally modulatingthe guide
diameterwith a period equal to their beat wavelength. To keep the lengthof

this and other mode converters and the arc length of bends short, the

waveguidediameteris reducedto 30 mm by using an optimisednon-lineartaper

[8] above the gyrotron. A resistive-wallmode filter is used to damp out
trappedmodes between this taper and the up-taperwithin the gyrotronat the

outputof the cavity.

A numberof waveguidebends are needed in each transmissionline. Since

the need for low loss requiresthe use of greatly oversizedwaveguidethese
bends are designed to minimise mode conversion using corrugated-wall

waveguide[8,9]. The arc lengthsin 30 mm diameterwaveguideare 1.5 m and

2.6 m for the TEo2 and TEol modes respectivelyat 60 GHz. The corrugation
depth is 0.6 mm with a 1"i mark-spaceratio, correspondingto an electrical
depth of ~ }`/14.

The TEo2 to TEol 6-beat-period converter and the TEol to TEll
lO-beat-periodconverterhave theoreticalefficienciesof 98 and 95 per cent

respectivelyincluding resistivelosses, figures which are consistent with

low power measurements. Although the TEll mode possesses the linear
polarizationrequired for launching,the low-mode-conversioncompact bends
needed close to the COMPASS and DITE mach nes are not feasiblewith this

mode. The problem is overcomeby furtherconvertingthe TEll mode to the

hybrid HEll mode which propagatesin corrugatedwaveguide.The length of the
TEll to HEll converter is 0.22 m, consistingof a straightsectionof 30 mm
diametercorrugatedcircularwaveguidein which the corrugationdepth varies

smoothlyfrom },/2at the input to },/4at the output. The subsequentHEll
waveguide has a corrugation depth of },/4. Bends in _is 30mm diameter

corrugatedguide for HEll mode near COMPASSwill have angles of 70°, 90: and
110° to match the port angles. With a central curvatureradius of 30cm a

mode conversion power loss below I% is predicted from the theory of

Doane[10]. Low power tests of an HEll bend showed less than one per cent
power loss to be achievedin practice.

The attenuationdue to bends,convertersand mode filtersis expectedto

be ~ 17% with an additional 7% in the straight waveguide sections. The
overall transmissionis thus about 75% so that I.SMW should be availablefor

plasmaheating.
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Where space permitsthe vacuum-barrierwindowswill be commercialunits
• with a diameterof 63.5mm but in the case of HFS launch it is necessaryto

use a smallerdiameter• Presentplans are to use single silicadiscs 38 mm

in diameter mounted as shown in Fig.5 for DITE and to cool these between

pulses with nitrogengas. A similarapproachwas used successfullyon D III

[11] for pulse lengthsup to O.5s. Window designssuitablefor longer pulses
are being developed.

The arrangementof ports available for installingantennae on the D

shaped vessel in COMPASS is shown in Figure 6. lt can be seen that by

launchingsome power on the mid-planeand some at a distanceoff-axisit will

be possible to perform central and off-axis heating simultaneouslywith a
common gyrotron frequency. Additional flexibilitycan be provided using

angledlaunch in somecases•

SUMMARY

• A 2MW system for ECRH experimentson the COMPASS and DITE tokamaks is

described. The facilitywill allow a wide range of plasmacontrolstudiesto

, be carriedout up to the operatinglimits in I , B and Be.

REFERENCES

[I] D V Bayes et al, 11th Symp of FusionEngineeringat Austin,Texas, 18-22
Nov 1985.

[2] M R O'Brien,M Cox and D F H Start, Proc 12 Eur Conf on Cont Fus and
Plasma Phys, Budapest,1985, Vol II, p 76 (1985)

[3] T Edlingtonet al, 3rd Varenna-GrenobleSymp on Heating in Toroidal
Plasmas,III (1982)869

[4] F Troyonet al, PlasmaPhys and ControlledFusion (1984)209

[5] J G Cordey, Phys of Plasmas Close to Thermonulcearconds, Varenna, I
(1979)359

[6] K H Burrellet al, lOth IAEAConf Plasma Physicsand ControlledNuc Fus,
London,I(1985)131

[71 Yu F Baranovet al, Soy J Plasma Physics8 (1962)363

[8] M Thumm et al, Proc 3rd ECRH Trans System Workshop,US Dept of Energy
(1983)220

[9] C P Moeller, 3rd Varenna-GrenobleInr Syrupon Heating in Toroidal
Plasmas,Ill (1982)1085

[10] J L Doane, IEEE Trans MicrowaveTheory and Techniques_T-32 (1984)1362
[11] R Prater et al, 4rh Varenna-GrenobleInt Symp on Heating in Toroidal

PlasmasII (1984)1454

BO-S SAN DIEGO, NOVEIV_ER 1985 185



_(%) B$' = 1.7T
lp : 400kA q(o) P(MW) ,

5 - Power --/ 2 --

* : ',_ce (o)..._ 'q / 1.5

Fig I /'
3 /// -- 1.0

iiII _ I --

2 - .__ "BI .......... 0.5

s
J

o _t" 1 I 1 I o
0 SO 100 150 200 Z50

t(ms)

(%) B$ = 0.87T

Fig 2 (a) 6-- lp : AOOWA
w = 2Wce P-/

Z// q(o) P(MW)

5 -- 1,0- ,
x 1.5

//

6-- 0.9-
0(0)/7

3-- _ -
1.0

_n

0.8-

2 //_'-'Power
-, - 0.5

0.?--
1

0 "" I I • 1
0 50 100 150 200 250

t(ms)

4.0
O shaped plasma

Fig 2 (b) o.5,w ,.6,w _, • O0?T - 1.0

_ lp = 400kA(q@=3.8)
= 2wee

q(o)
3.0

- 0.9
I., _ "q(°)

WlW

2.0 - 0.8

-0.?

_.0 I I I I -
0 02 0.4 0.6 0.8 1.o

t(s)

Results from model calculationsfor two-stageheatingin COMPASS

186 EC.5 SAN DIEGO, NOVEMBER 1985



o

I_o'_ m-3 Fig 3 Power depositionprofile
,oo for HFS launch in DITE for

" variouselectrondensities(B =
~ = I keV),,o- 2.2T, nii 0.5, Teo .

120.
P (r)

(_-2)

100 -

60

\

?

0

" 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.;£ 0.16 0.t8 0.20 0.22 0.2_,

r (m)

TEo2-TEol corrugated-wal1
mode converter _ • 20 m _ mode filter

/

_ ,L.._, _ ,' I I '/I
_ve;tical 90° _ ¢=30mm l _ ' ' _r/TEol bendvertical

90"

TEo2 bend TE^l horizontal 30"
se_ective safety

shutter TEol bend
- coupler

_TE^ 2
seYective coupler

TEol'TEil
- _ mode converter

_=3Omm
®=63,5-30.0mm
taper _=30mm

dc break _ I"TEII"HEll
" mode converter

.="- belIows _'__

resistive-wall ___= I ®=63.5mm _ - f
mode filter /_ vacuum window vertical 90"

_ , , HEll bend I _.j_.J

_" arc / _.J ' '
=63.5nwn_- detector _=30.0-63.5mm _ DITE

I I corrugated taper inside-1aunch

LCgyrotron DITE (HEll) antenna (with
(6U GHz) outslde-|aunch vacuum window)

antenna

Fig 4 ECRH Waveguide Run for DITE

EC,.S SAN DIEGO, NOVEIVIBER 1985 187



Incident
microwave power •

I_ Fig 5 HFS Antenna design for DITE
F- -7 .coo,,_

/" gas inlet
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ProposedFundamentalHeating
on the TARA Tandem Mirror*

W.C. Guss, M.E. Manuel, R. Myer, and D.K. Smith

MIT Plasma Fasion Center, Cambridge , Massachusetts 0_130, USA

Abstract

From experiments completed in the fall of 1984, the absorption

efficiency for heating at the fundamental resonance in the plug was found to
be rather low (<_SZ) and low hot electron fraction (<_IOZ). The unpolarized
and unfocused microwave radiation was launched from the high field side of

" the resonance surface. We are proposing a system for launching polarized
and focused radiation from the low field side with an option for changing

the polarization and launching from the high field side. A comparison of

" ordinary and extraordinary mode heating is then possible.

Introduction

The concept of tandem mirrors is based on the electrostatic plugging of
end losses from the center cell where the plasma is magnetically confined. A

positive potential of sufficient magnitude in the end cells (also called
axicells) will reflect ions lost from the center cell. In tandem mirrors

this potential is generated at the outer plug magnetic field gradient by
heating electrons with ECRH at the fundamental to high perpendicular energy

and generating a charge separation. Cold electrons also tend to accumulate
at the location of the plug potential and must be continuously heated to

remove them. One consideration in the viability of mirror reactors is the

efficiency of this heating.

Two other considerations are the generation of low cavity power and

small k ll for the incident radiation. Cavity power can produce low density

runaway electrons outside the bulk plasma. This represents a loss o5
temperature control of the bulk electrons, and the resulting absorption and

refraction can further reduce the heating e_ficiency. Small kll is desired

so that spatially localized heating of cold electrons trapped in the plug
potential is maintained.

Our previous experience with unfocused and unpolarized Vlasov antennas
is that they provide relatively inefficient coupling (<_5_)to the plasma.

Space restraints prevent the addition of the curved reflector which would

localize the radiation and increase the power density. The geometry of the
" plug suggests launching the microwaves from larger radius at the resonant

magnetic field surface.
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Present System q

The present fundamental and second harmonic launching systems are shown

in Fig. I. The fundamental heating microwaves are launched from between the

split high field coils at the anchor (outer) plug mirror peak. The antenna

produces a radiation pattern that is polarized in a half cone shape so that
the direction of polarization is not constant along the conical

circumference. After bouncing off the vacuum chamber walls both

polarizations are expected to be of equal magnitude. Measurements indicate

that the aperature of the vacuum manifold leading to the plug chamber is

roughly uniformly filled with microwave power. By adding a reflector as
shown on the second harmonic antenna, the radiation pattern would become

linearly polarized and focused. Unfortunately, the proximity of the plasma

to the fundamental antenna prohibits its use. The present system is
inefficient in that the plasma does not fill the aperature to the vacuum

manifold containing the antenna and that only half the power is in the

polarization (x-mode) which would allow absorption at the fundamental
resonanc e.

Proposed System

The efficiency of the present system could be improved by polarizing

and focusing the microwaves, however a new location for the launch point is
required. One possibility is perpendicular to the plasma column near the

end of the axicell chamber. The behavior of waves launched perpendicularly

varies with the mode. In particular, x-mode waves with initial k ll = 0
change as they approach the resonance zone. Refractive effects cause the

propagation vector to approach the resonance zone nearer the normal so a

finite k ll results. During a discharge, the magnitude of this plasma effect

would have the time dependence of the density and would not be controlled.

The o-mode does not suffer from this problem. On the other hand, the
absorption of this mode is generally smaller. For the finite density regime

and quasi-perpendicular propogation in a uniform plasma one finds [I] for a
uniform magnetized plasma

0 4
al 1 _p 1 1

X 4

cos2O - I+

where a is the attenuation coefficient and w and _ are the electron plasma
p c

and cyclotron frequencies. The angle e is the direction cosine of k

relative to B. For some plasma conditions (_p<_j#c) and some angles of

incidence (~_/2) the absorption for the two modes is comparable. The actual

experiment however, is not well modeled by these equations because of

magnetic and density gradients. Predictions of actual wave behavior require
a ray tracir_ code.

*Supported by the U.S. Department of Energy under contract DF_ACOZ-78T51013.
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. The ray tracing code used for this purpose (NRAY) is a three
dimensional geometric optics code based upon a modified cold plasma

dispersion relationship to include two electron populations. Relativistic
effects are included through the mass term. Finite Larmor radius effects

are also included to model effects at the harmonics. The plasma parameters

used in our absorption study correspond to those anticipated when both

neutral beams and ECRH are applied to the axicell plasma. A hot electron
temperature of 30 kev and fraction of 5_, were assumed for all the cases of

cold plasma temperature and density. The code gives the power absorbed in a
cylindrical valume r < 7 cm with an axial extent of 10 cm on either side of

the resonant surface. In the vicinity of the fundamental resonance surface

the plasma radius is about 10 cre. At the edge of the plasma the beam

diameter was taken to be 5 cm and at the machine axis 2 cm. A comparison of

the x and o mode absorption for several different launch points is shown in

Fig. 3 and 4. The o-mode is comparable in its absorption to the x-mode
absorption which is qualitatively consistent with the simple theory. The

difference in launch points is only 5.0 cm for the two cases which makes

antenna location important.

" Hardware

The objectives for the hardware were twofold. First it must produce a
" polarized and focused microwave beam and secondly it must have the

flexibility to allow both x-mode and o-mode launch. The method which

appeared to offer the best solution was a combination of waveguide mode

convertors with a focusing mirror and a plane reflector to allow two-pass

absorption. The Tara gyrotrons output predominately TE02 which would be

converted to TEll using "bumpy" and "snake" converters based on the work of

Schelkanoff [2] . The "bumpy" converter has m = 0 radial wall perturbations

and transforms TE02 into TEoI. The tentative design parameters are r '-"

1.905 cre, dr/r = 16_ with four periods of length d = 7 cm with a predicted
efficiency of 96_,. Then the snake convertor with m =1 radial wall

p_rturbations transforms the TED1 to TEll. Again, the design parameters are

r = 1.905 cre, dr/r = 10_,with six beat wavelengths for a total length of
~120 cm and a predicted efficiency of ~94_. To reduce the cross

polarization component, the TEll mode would be converted to a HEll mode [3].

For a length of 20 cre,the cross polarization component' is down more than 25
dB from the desired component.

Because of the less efficient couplin_ for the o-mode at low electron

temperatures and density, star_-up may be difficult. To accontmodate this

possibility, a two pass geometry would be implemented with a Wengenroth [4]
, plate reflector. After the first pass with o-mode the reflector would

rotate the polarization plane so as to return x-mode from the high field
side of the resonant surface. Then as the electron parameters increased the
first pass absorption would improve. The new hardware would be as shown in

" Fig.5.
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The flexibility to allow launching of both x and o modes is easily
achieved by rotating the waveguide by _/2 plus building in the capability

for translation of the waveguide and mirror parallel to the axis of the
machine.

Conclusions

lt is important to have heating localized to the vicinity of the plug

potential in tandem mirror axicells. Currently x-mode heating is used

however, the restriction of vanishing k jl may be violated. Ray tracing

results suggest that reasonable first pass absorption is possible for

perpendicular o-mode propogation. However, hot electron characteristics

play an important part in the absorption process. The polarized microwave

power can be produced using well known techniques for waveguide converters.
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/

Fig. 5. Proposed fundamental waveguide and antenna system. For the scale of

the drawing only part of the snake converter and the focusing mirror
are shown.

i
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Observation of "li XXI Line Radiation

in ECH Plasmas*

P. Lee and A.J. Lieber

GA TechnoloaieJ, Inc., San Diego, Cali/ornia 92138, U.S.A.
and

A.K. Pradhan and X. Yueming

University of Colorado, Boulder, Color_o 80309, U.S.A.

Helium-like titanium line radiation in the =.ray region frmn 2.60 to 2.64 1_ has be_n

m,easured uffYAa high re,so/ut/on spect_jraph (_/_,_ > 19,000) during elee_ cyclotron

heating (ECH) _ on the Doublet III tokamak. The inten.C,ty of the r_sormnee P

line (i.e., ls u x.q._ ls2p xPx) i_ found to be much more sensitive to the applied ECH

pou_er than the intensities of the satellite lines. A qualitative picture which acemmt, s

for the observed line i_iti_ is the presence of non.Mazwellian electrons in the E CH

plasma.

I. Introduction

Electron cyclotron heating (ECH) of tokamak plumas has received considerable

interest in recent years as an a_ary method of heating plMmas to thermonuclear

conditions. Much of the effort in the study of ECH, both experimeutal and theoretical,

in in the areffiof bulk plasma effects [1_], such as eaer_ confinement times, parameter

scalin 8, and comparinon of ECH to neutral beam heated plasmas. Theoretical mod-

els sad computer simulations of ECH plasmas have predicted non-MaxweUian electron

distributions [3], and _ents of the higher harmonics of the electron cyclotron

rezonance frequency on various plasma devices have qualitatively supported the theo-

retical predictions [4].

• *Thin is a report of work sponsored by the Department of Ener_ _mder Contract
Nos. DE-AC03-84ERS1044 and DE-FG02-84EP.053189.
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High resolution spectroscopy of prominent impurity radiation can measure the

ion temperature, bulk plasma rotation, electron temperature, and plasma ionization

q, equilibria. For hot plasmas, the spectra emitted in the x-ray region are sensitive not

only to the plasma temperature and density but also the superthermal components

of the electron distribution. Reports of high resolution x-ray spectra generated during

ECH of tokamak plasmas are scarce. Bryzgunov e_ al. [5] have obtained data on helium-

like chromium line radiation in the wavelength re,on of 2.19 _ (spectral resolution

)_/_A of 3300) on the T-10 tokamak. For these experiments 500 kW of ECH power

was applied for 50 ms with typical discharge parameters of 250 kA of plasma current

and electron density of 2-3x1019 m -s. The chromium x-ray emission was summed

over nine discharges during the 50 ms ECH pulse to produce a chromium spectrum.

The reported electron temperatures deduced from the chromium line ratios were in

. reasonable agreement with Thomson scattering measurements.

We report here high resolution spectroscopy of the helium-l_e titanium radiation

produced during ECH experhnents on the Doublet HI tokamak with typical temporal

resolution of 20 ms.

II. Experimental Setup

The ECH experiments reported here were carried out in the following param-

eter ranges: toroidal magnetic fields of 1.8 T < BT < 2.4 T, plasma current of

200 ]rA < [p < 800 kA, plasma elongation of 1.4 < _ < 1.6, and average electron

demsity of 'Ix1019 m -s < _e < 10xl019 m -s. Six VGE-8006 gyrotrons operating at

60 GHz ar_.__i to launch up to 1 MW of rf power in the extraordinary mode from the

vessel inner wall _<,it,h a pulse duration of up to 500 ms (typical pulse length 250 ms).

The plasma cutoff d_._Ll:!_it'ycalculated from ray tracing is _e = 5.6 x 1019 m -s and the

resonant magnetic field is 2.14 T. The wave propagates at an angle of 30° to the radial,

• and the rf power is fully absor_,ed in an area about 10 cm in height and 5 an width in

the radial direction [6].
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The spectrometerusedin thisexperimentisa Bragg crystalspectrographwith

a curved quartz crystal (2d = 2.75 ,_) in Johann geometry constrained along a 3 m "

Rowland circle. A position sensitive delay line gas proportional counter with 200 _m
e

spatial resolution limits the instrument resolution A/AA to 19,000. A detailed descrip-

tion of the instrument can be found elsewhere [7]. A plan view of the spectrometer and

its relation to the tokamak is shown in Fig. 1.

Iil. Experimental Results

A comparison of the tit_;,,rn spectra measured during ohmic and ECH discharges

is shown in Fig. 2. Each spectrum is obtained with au inteip'ation time of 200 ms and

is normalized to the resonance line w amplitude. The prominent helium-like lines are

the resonance line w, the intercombination lines x and y, and the forbidden line z;

theyderivefrom the transitions11S0-21PI,11S0-2sP2.1,and 11S0-2sSI,respectively.

The stronger_z-2satellitelinesaret,q,unresolved(a,r),k,and j.Alsoidenti_edare

ther_-3dielectricrecombinationsatellitelinesh_, dz,and dls.With the w linein

both ECH and ohmic shotsnormalizedinFig.2,theotherlinesmay be seento be of

considerablylowerintensityintheECH plasma,by about a factorof4 f'orthez and

1.5fortheq lines.The measuredelectrontemperaturesforthe casesshown hereare

similarfortheseshots,1.54keV withECH and 1.49keV forohmic heatingonly.(Note

thefactorof3 higherdensityfortheohmic discharge.)

The temporalresponseofTi XXI lineradiationduri_ highpower ECH isshown

inFig.3.The directionsofincreasingwavelen_h and time(20ms temporalresolution)

areindicated.The prominentemissionlinesareidentifiedinthe f_u_. The onsetof

ECH isclearlyevidentby thesuddenincreaseintheintensitiesofalllines.As willbe

shown later,therelativeincreaseintheresonancelineintensityis_'eaterthanthatof

the satellitelines.An increaseinthe resonantlinew intensityby a factorof5 upon

applicationofECH to theplasma isobservedforthisdischarge.
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.... ECH 8HOT . 49247

Te 1.54 kev
600 - ne 1.99x1019/m 3

FIO. 2. Comparison oi"ohmically heated and electron-cyclotron-heated tokamak dis-
charKes. Each spectrum was acquired in a 200 ms period mad normalized to

the same peak value of the resonance line w, for comparison purposes. The

prominent lines have been identi_ed according to the usual notation [7]. The
measured electron temperatures for the two cases are nearly identical; how-

ever, the spectra are dramatically different. The ECH spectrum has notably
lower intensities for the nondipole lines, e.g, x, y, and z.
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FIG. 3. Temporal evolution of Ti XXI spectra during ECH. The central electron
density and temperature are 5.91×1019 m-s and 1.7 keV, respectively.

BC-5 SAN DIEGO, NOVEMBER 1985 201



Experimental line intensity ratios can be used to deduce fundamental plasma

parameters when the approximation of coronal equilibrium is valid. For example, the

following line intensity ratios are commonly used [8]:

j/w Electron temperature

dla/W Electron temperature

G -- (x + y + z)/w Ionization equilibria

R -- z/(x + y) Electron density

In earlier reports [9-12] good agreement was found between the line intensities ob-

served in ohmlcally heated plasmas and theoretical valu_ calculated assuming coronal

equilibrium with MaxweLUan averaged rates for excitation, ionization, and recombina-

tion processes. The rates are calmlated for a given temperature chara_erizing the

Maxwellian distribution. Figure 4a shows the dependence of the line ratio G on mea-

sured electron temperature in both ohmic and ECH discharges. The titanium spectra

were measured within 20 ms of the Thomson scattering measurements mentioned above.

Note that nearly ali G ratios for the ECH discharge are less than 0.7, which) on theo-

retical grounds, indicates an ionizing plasma [13]. A plot of the ratio R as a function of

measured centra_ electron density is given in Fig. 4b for ECH and ohmic plasmas. At

high electron densities (i.e., n, < 10al m-a for TJ), the collisional excitation from 2SD

to 2sP is expected to deplete the z line relative to the x and y lines and hence to lead to

a decrease in/I. For ECH, the decrease iu R is observed to occur at densities 2 orders

of magnitude smaller than predicted; hence the decrease in R may be ruled out as a

density effect (the ohmic R ratio) although measured for a small range of densities) is

observed to be consistent with theory). The temperature dependence of the j/w ratio

is shown in Fig. 4c. The solid line is the theoretical prediction [14], and the experimen-

tal data are shown as open circles and solid triangles for ohmic and ECH discharges,

respectively. Typical error bars for the electron temperatures and llne ratios are also

given. The ohmic data are distributed about the theoretical value with the scatter in

th¢ data larger than the errors in the measurements. The ECH line ratios, however,
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FIG. 4a. Plot of the line ratio G = (x + y + z)/w as a function of Thompson-scattering

electron temperature for ohmicaUy heated and ECH plasmas. Most of the

ohmic shots are in the coronal equilibrium region, e.g., 0.7 < G < 1.8, while
most of the ECH shots indicate ionizing plasma. Also shown is the value G0,
the lower Ilmr determined by the electron impact excitation rates, below

which no data points should be found.
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FIG. 4b. Line ratio R = =/(x + y) dependence on electron density for ohm_e_l|y heated
and ECH plasmas. The dashed and solid lines show trends in the data.
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FIG. 4c. The temperature-sensitive Line ratio j/w is shown for ohmic and ECH _s-
charges. The solid line is the theoretically promoted curve based on the rate
coefllcients given by Bely-Dubau et aL [13]. The ohmic data are clustered
about the solid line with scattering _'eater than the errors in the measure-
ments. The ECH data. by contrast, are systematically below the theoretica_
vaLues.
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are signiilcantly lower t_ predicted and considerably lower than the corresponding

ohmic line ratio (at the same electron temperature).

Finally, the temporal behavior of the line ratio j/w is plotted in Fig. 5. The

decrease in j/w ratio durin s ECH is consistent with the presence of superthermal elec-

trons. Similar results have been observed by Bartiromo e_ ,d. [15] during lower-hybrid

heating of the Frascati tok_m_ FT.

IV. Theo_cai Outline

The effects of a nonthermal electron distribution on the line intensity ratios has

been outlined by Gabriel and Phillips [16] for the iron satelHte lines d,3 and j, and

observed by Apicella e_ _/. [17] for the dls line of chromium on the Frascati tokamak

FT, and interpret_d by Gabriel eta/. [18] on the obeyed line ratio G of O VII lines

from Puppis-A supernova remnant.

The qualitative picture which emerges from ECH experiments is that the non-

thermal portion of the electron distributio_ enhances the intensity of the resonance line

relative to that of the satellite lines. The excitation mee.hanismn for the resonance line

and dielectric satellite lines (i.e., dxs and j lines) are:.

w: Ti XXI I_2 :So + • _ Ti XXI 182piP1 . • Ee _ 4.75 kev

j: Ti XXI 1J2 :S. + e _ Ti XX 18221_ =Ds/2 E. = 3.31 keV

dis: Ti XXI 18= iS O+ • 4-. Ti XX 182p3/vlDs/= E, = 4.14 keV

The excited state in each case is produced by free electron impact of the Is ground

state of the helium-like titanium ion. For the resonance line, excitation is possible for

any electron with kinetic ener_ above a threshold level of 4.75 keV for titanium (i.e.,

energy of the resonance line photon) as indicated by the shaded re.on in Fig. 6. For

the case of d and j lines, however, the process in that of electron capture and hence the

dielectronicaUy captured electrons must have ene_es very close (_.e., _E, _ 10 -4 keV)

to the excitation ener_es. Thus, the presence of superthermal electrons with kinetic

ener_ above 4.75 keV can si_i_cantly increase the intensity of the resonance line w

and at the same time have relatively little e_ect on the satellite lines.
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FIG. 5. Time dependent me_urement of the line ratio j/w. The duration of the
ECH pulse is also indicated.
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FIG. 6. Ener_ level diaSram for the transitions w, j, and di= lines of titanium.
The Ti XXI enerKy level are shown together with a free electron MaxweUian
distribution function.

208 F_,-S SAN DIEGO, NOVEMBER. 1985



A simple estimate of the kinetic energy gained by an electron passing through the

• resonance re_ion is

1 2
4

here E_ ,-_ k±9,,Eo is the resonant component of the ECH electric field (typically

_.9, ~ 1/10) [19] and 1"is the time duration spent by an electron in the resonance

zone. For a plasma with T, _ 1 kev and 1 _IW ECH injection, E_ _ 400 V/cm and

r _ 5 ns (the resonant dimension is taken to be 5 cm × 10 cre). Thus an electron

acquires _1.8 keV per pass and hence within a few transit periods (43/_s) the kinetic

energy of some electrons will be in the tens of kev ra_e.

It has been pointed out by Inokuti [20] that for electron inpact excitation with

• energies _eater than about 5 kev one should account for the relativistic effects in

the calculation of the cross sections. The relativistic Coulomb-Bethe formula given by

" Fano is used by Bartiromo e_ _L, [15] in order to calculate the rate coefficient for the

z0 transition in Fe X.XV. A very useful fact discussed by Bartiromo e_ a/., is that the

rate coef_cient can be considered to be app_ately a constant for the electrons in

the high energy tail of the distribution (E > 20 kev for Fe XXV).

The usual expression for the ratio of the dielectronic satellite to the resonance

line for the nonrelativistic, Maxwel]iau case is

q(s) = 3.3(_24) / Es / 3/2

where the rate coefficient for the satellite line q(s) is _ven in terms of the parame-

ter F2(s) which is determined by the autoionization and radiative decay rates for the

dielectronic level s, i.e., F2(s) = A_(s)Ar(s)/[Ae(s) -_"At(s)]. The q(w) is the nonrela-

tivistic, Maxwellian aver-_ed rate coefficient for the w line, and Es - 13.6 eV. Now,

if we assume that a departure from the Max_ellian implies the excitation of the w line

by relativistic electrons in the high energy tail, then, following Bartiromo et al., one
w

may define the fractional deviation from the Maxwellian as
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I (2)= q (w)

where qrel(w) is the relativistic exdtation rate coefficient [Eq. (2) is a reformulation

of the expression given by Bartiromo et al]. As mentioned above, the assumption

implicit in Eq. (2) is that the excitation of the zo line depends only on the high en-

ooer_, relativistic electrons [i.e., _ = f,_ ,_CH(v)d_v/f,, /T(v)dSv -1 where /ECH(V)

and fT(v) are the electron distribution functions for ECH and thermal plasmas, re-

spectively, and ½my02 = 10 keV]. Estimates of"the relativistic exaltation rate coefficient

qr_(w)= (o-v)_,-_6.5(-12)cmS/s forT>10 keV usingthe Coulomb-Bethe formula

for Ti XXI. Table I gives the estimates of the fraction of superthermal electrons 77

forvariousobservedplasmatemperatureswith F2(j)= 3.53(+14)(fromRef.14)and

Ej = 3325.2eV. ltisevidentfrom TableI thatthefractionalnonthermalcomponent

may be quiteconsiderable.As a comparison,Bartiromoeta/.,had foundthatforthe

lower-hybridffheatingusedintheFrascatitokamak,the nonthermalcomponent was

<5%, whereas in the ECH case, fractions as high as 20% to 30% may be present.

In summary, we have presented helium-like tit_n_,,m spectra measured on the

Doublet IH tokamak during high power ECH discharges. The observed line intensity

ratios are consistent with non-Maxwellian electron distributions. Further theoretical

analysis is being carried out in an attempt to obtain quantitative information on the

non-MaxweUian distributions using line ratio technique.

The authors (P.L. and A.J.L.) would like to acknowledge the cooperation and

support from R. Stambaugh and the Doublet III group.
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Table I

CalculatedFractionof

SuperthermalElectronsfor ExperimentalCases

T_ q,,,(:Z'_)
(keV) ,==Sl,, (j/,,,)= (j/=)= ,

0.8 3.16 (--14) 0.30 1.28 0.016

1.0 9.76 (--14) 0.20 0.68 0.036

z.2 2.ol(-z3) o.zo o.,A o.zos
2.0 9.06(-z3) o.os o.z4 0.=0
3.0 1.90(-z2) 0.0s o.oe2 0.310

Note: The relativistic rate coe_cient 9=,.l(T) for

Ti_ b _ 6.s(-z2)ans/s (r2> Z0keV).
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II I III I

Dependenceof ECH DepositionProfile On

The Modeling of IncidentWave Energy*

A.H. Kritz, Hunter CoUege/CUNY

H. Hsuan, Princeton University
K. Matsuda, GA Technologies

The ray tracing code, TORAY, is used to investigate the importance of
modeling assumptions utilized in describing ECH. In particular, we examine
the dependence of the ECH deposition profile on the antenna pattern. We
demonstrate that different assumptions for representing the incident wave
energy by a finite number of rays lead to significantly different results
for the energy deposition profile.

GENERAL BACKGROUND

u

Correct modeling of the incident electron cyclotron energy is particularly
important since knowledge and control of the deposition profile is necessary

. to achieve many of the goals envisioned for ECH. For example, stabilization
of tearing mode instabilities, current drive resulting from deposition of
electron cyclotron wave energy and understanding electron transport ali
depend on controlled localized deposition. The electron cyclotron wave
energy propagates from outside the plasma chamber into the plasma with the
distribution of incident power determined by the antenna pattern of the
launcher. It will be shown that the computed energy deposition profile may
sensitively depend on the modeling of the incident power.

The amplitude of the incident wave energy is a continuous function over a
solid angle. However, before ray tracing can be used to model ECH
deposition, we must determine how to utilize the measured angular pattern of
the launcher in choosing a finite number of rays to represent the incident
electron cyclotron wave energy. In' particular we must decide what algorithm
should be used so that a relatively small number of rays properly describes
the launched power prof;!e.

One approach is to locate a point source at the plasma boundary (or at the
antenna location) and to represent the antenna pattern of the incident
energy by a number of rays with each ray being assigned an appropriate
fraction of the incident energy. However, it is computationally inefficient
to carry out the ray tracing, with the associated energy deposition, and
then to weight the result with a small relative weight. A better approach
would be to use an appropriate angular distribution of rays. The question
that remains to be answered is how many rays and at what angles.

EC_,-SSAN DIEGO, NOVEMBER 19S5 213



q,

From the examples of case studies presented, we will see that the answer is
not simple since the energy deposition profile may be a sensitive function
of the angular distribution chosen to represent the incident power. In this
paper we compare the energy deposition profiles tha_ result when different
assumptions are made in modeling the launch pattern. For example, we
compare the deposition profile that results when gaussian beam theory is
used to describe the launched antenna power with the deposition profile that
results when a uniform pattern of rays is assumed. In part, the interest in
gaussian beam theory stems from the fact that the HEll mode used at the
launcher in ECH experiments on the PDX and PLT tokamaks results in an
antenna pattern that is properly described by gaussian beam theory.
Moreover, the TEl I mode used at the launcher in the D3 and TFR experiments
yields a pattern that is gaussian in one direction. Below, we develop the
procedure used in choosing the set of rays that describe the power
distribution launched from a gaussian antenna in free space.

GAUSSIAN BEAM ANTENNA

A gaussian beam antenna produces a power density [1-3]

P(r,z) - Po exp['2r2/w(z)2] (1)

where r is the radial displacement from the antenna center line and z is the
distance between the antenna center line and the plane where the power
density is computed. The beam contour is given by

w(z)=w ° 1 + (2)

where _, is the wavelength. The gaussian beam contracts to a minimum
diameter 2w at the bean1 waist where the phase front is piano. From the
equation for° w(z) it follows that the beam contour is a hyperbola with
asymptotes inclined to the axis at an angle o_ where

k
a = -- (3)

71"W
O

lt follows from Eqs, I and 2 that on the plane a distance zfrom the
antenna, the power I, within the radius r is given by:

I(r) - Po exp['2u2/w2] 2_r. du (4)
O

Carrying out the integratmn and solving for r, we find

w[. ( I(r) )1 1/2
r =x/_ In 1- _-- (5)

where Ioo = Po 7r w2/2. By considering average values of I(r)/I in the
various radial zones, we obtain the value of r associated with each zo°_e.
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In order to obtain the angular displacement associated with a ray that has
' radial displacement r from the center of the antenna beam at a distance z

from the antenna, we require the effective radius of curvature, R(z), of the
wave front. The quantity R(z) is then the distance from where the power

• density is calculated to effective launch point of the rays. In practice,
we find that the effective launch point of the rays may be located well
behind the physical location of the antenna. From gaussian beam theory,
R(z) is given in terms of the parameters w and X by:O

R(z) = z 1 . o (6)xi

The angular displacement from the center of the gaussian beam, q,, is
expressed in terms of r and R(z) by the equation

_, = sin'l [r/R(z)l (7)

Once ¢/ is known, we can determine a_ and AO, the toroidal and poloidal
angular displacements for the rays u_ed to describe the antenna pattern of
the power launched in the ECH studies.

• A problem that remains is to determine the appropriate value of z, that is
the location of the plane where the incident radiation pattern is to be
computed. For example, should z be chosen so that we compute the gaussian
beam pattern near the edge of the plasma or should z be chosen so that the
antenna pattern is computed near the location of the resonance layer. We
have considered both of these possibilities in our studies and have found
that, for the range of plasma parameters examined, the ECH energy deposition
profiles do not sensitively depend on our choice of z. In the studies
presented here z is chosen so that antenna power profile is computed 5 cm
into the plasma from the edge. Below we illustrate the dependence of the
power deposition on the representation of the incident angular power
spectrum.

EXAMPLES OF POWER DEPOSITION PROFILES

In order to examine the dependence of the power deposition profile on the
incident angular power spectrum, we consider PDX/PLT type plasmas with
outside (low field) O-mode launch and D3 tokamak plasmas with inside (high
field) X-mode launch. In Figures 1 and 2, we present the results for an
antenna of the type used previously on PDX and now on FLT, i.e., an antenna
6.35 cm wide emitting ECH power in the HE I 1 -node [4,5]. O-mode power is
launched from the low field side of a PDX/PLT like plasma with major radius,
R, equal to 136 cm; plasma radius, a, equal to 35 eta; and central toroidal
field, 21 kG. The frequency of the incident wave power is 60 GHz and the
density, temperature and q profiles are given by

• ne (cre"s)= 1.4x I0xs[I - (r/a)2] (8)

T (keV) = 1.4[I- (r/a)2]2 (9)

q-- 1.5+ 2.5(r/a)2 (I0)
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In each Figure, poloidal and toroidal views of the ray paths are presented
along with the plots of deposited power density and integrated deposited
power as a function of radius.

In Figure 1, the launched ECH power is represented by a uniform array of 42
rays -- six angles in in the poloidal plane and for each poloidal angle,
there are seven angles in the toroidal plane. The rays are taken to be
uniformly spaced in both directions over a total angular width of 7.74 °, the
same angular width that is obtained when gaussian beam theory is used to
describe the antenna pattern. The x's along each ray indicates a 10% or
more 'additional power deposition along that ray path. The deposition
location depends mainly on the poloidal angle. Since the six poloidal
angles are symmetric about the plasma center line, the deposition pattern
associated with the chosen uniform ray pattern is peaked at three radial
locations. Clearly, this deposition pattern can not properly represent the
deposition associated with the continuous, centrally peaked radiation
pattern that is emitted by the antenna. In Figure 2, the ray paths and ECH
deposition is presented for the case where 40 rays are chosen using the
gaussian beam theory described above. The value of wo for the antenna is
2.032 cm and z was taken equal to 35 cm. R(z) is then equal to 54.2 cm and
the effective location of the antenna is 19.2 cm behind the physical
location of the antenna. The incident power is represented in terms of five
radial zones about the central direction of the antenna.

Comparing the results presented in Figures 1 and 2, one finds that the
deposition profile of the ECH power sensitively depends on the antenna
modeling assumptions. Moreover, the choice of launch angles for the
incident rays based on gaussian beam theory which properly describes the
launch pattern results in a more realistic power deposition pattern than
when a uniform array of incident rays is used to represent the incident ECH
power.

Next we consider different antenna modeling procedures and the resulting
power deposition profiles for ECH X-mode power launched into a D3 tokamak
plasma from the high field side. The tokamak major radius is 143 cm and the
plasma radius is 46 cre. The antenna was located two cm from the edge of the
plasma. The plasma density, temperature and q profiles are given by

n, (cre"s) = 4.9 x 10ls [1 - (r/a)°'el (11)

T, (keV) = 1.0 [1 - (r/a) _] (12)

q = 1.0 + 3.0(r/a) 2 (13)

and the cyclotron resonance is located on the plasma axis.

In Figure 3, we present results for the antenna pattern that was assumed in
analyzing data taken during the ECH experiments on D3. Eleven rays are
launched from the edge of the plasma and the angular range of the rays
launched in the poloidal plane is taken to be 9.4° in the poloidal plane and
10.8° in the toroidal plane. In Figures 4 and 5 are results obtained using
gaussian beam theory to provide the angular distribution of twenty rays used
to model the antenna launch pattern. For the results in Figure 4 the
antenna diameter is taken equal to 2.1 cm, the actual D3 antenna diameter.
This corresponds to a beam waist radius, wo equal to 0.68 cm. The effective
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launch point is 2.2 cm from the edge of the plasma and the angular range of
the launched rays in the poloidal and toroidal planes is 20.5 °. Clearly,
when gaussian beam theory is used to model the power launched from the
2.1 cm antenna, power deposition occurs over a much broader radial range
than when the assumed antenna pattern is used. The plots in Figure 5, show
the ray paths and deposition profile that would result if an antenna of the
type used on PLT were used on D3. Because of the larger antenna size, the
effective launch point is 29.2 cm from the plasma edge and the angular range
of the launched rays is 4.7 °. Comparing Figures 3 and 5, we find that if
this larger size antenna would have been used in the D3 ECH experiment, then
the power deposition profile would have been closer to the one used in the
analysis of the D3 data, i.e., the one shown in Figure 3.

In our study of ECH deposition profiles, we find that the radial range over
which deposition takes piace is not as localized as might be desired for
some of the applications envisioned for ECH in toroidal geometry.
Typically, in our studies the radial range of deposition is 10 to 15% of the
plasma radius when the diameter of the wave guide that launches the power is
6.3 eta. When the launching wave guide diameter is smaller, for example 2.1
cm, or when the plasma is dense, the radial range over which power
deposition takes piace may be as large as 40%.

I

CONCLUSIONS

. The ECH energy depositions profiles presented above clearly indicate that
care must be taken in choosing the ray pattern that represents the launched
power. To develop confidence that a reasonable representation of the
launched power distribution is being used, one should determine if the
energy deposition profile changes when either the number of rays is
increased or when some reasonable modification of the launched pattern of
antenna power is assumed. Clearly, increased refraction of the rays,
associated with higher plasma density, makes the deposition profile more
dependent on the antenna modeling. The deposition range depends on the
plasma density as well as on the antenna size. We find that when deposition
is near the plasma center, the wave energy per unit volume is dependent on
what fraction of our chosen antenna pattern happen to pass near the plasma
center.

o
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Figure I. O-mode launched from the low magnetic fieldside. The
antenna patternistaken to be uniform,
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Figure 2. O-mode launched from the low magnetic field side. The
antenna pattern is taken to be gaussian.
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Figure 3. X-mode launched from the high magnetic field side. The
antenna pattern is that used in the analysis of ECH data
from experiments on D3.
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Figure 4. X-mode launched from the high magnetic field side. The
antenna pattern is taken to be gaussian for an antenna
2.1 cm in diameter.
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Figure 5. X-mode launched from the high magnetic field side. The
antenna pattern is taken to be gaussian for an antenna
6.35 cm wide.

222 P._.,-5 SAN DIEGO, NOVEMBER 1985



II

. AccessibilityStudy on a High Density

NoncircularTokamak by Ray Tracing*

K. Matsuda, V.S. Chan, R.W. Harvey, and A.H. Kritzt
GA Technologies, Inc., San Diego, California 9_138, U.S.A.

Using a ray tracing code which works for numerically given, two dimensional

distributions oi magnetic field and plasma pressure, we have studied the

optimum injection angle for a given density profile and a given antenna

location at the weaker field side, in a tokamak where the resonance in located

at the magnetic _ or on the high field side oi it.

The things which we are going to present here are very simple and probably very

obvious. However, we intend to talk about them, because they might be overlooked.

We have modified TORAY [1] which is a ray tracing code for a tokamak of circular

cross section to be applicable for a tokamak of an arbitrarily shaped cross section. The

code takes output from a MHD equilibrium code. With the help of other diagnostics,

the pressure profile is divided into a density profile and a temperature profile. Then,

the rest of the job is done by TO RAY.

If we compare the accessibility in a high density tokamak of a noncircular cross

section with a tokamak of a circular cross section, the results are about the same when

the ray is launched and propagates around the mid-plane, provided the noncircular

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

tPermanent Address: Hunter College, City University of New York.
i,
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tokamak has up-down symmetry. It is well-known that a ray can access the highest

accessible density if it propagates normal to magnetic field lines. In the projection on

a poloidal plane, a ray accesses to the highest density if it is normal to equal density

lines. This is the case if a ray lies in the mid-plane.

There are other restrictions to be considered for DI_-D; such as, the maxi-

mum available toroidal magnetic field is such that we have the fundamental reso-

nance at the magnetic axis, and antennas should be placed at the weaker field side.

Thus, the ordinary mode should be launched. If we launch waves at the mid-plane,

the maximum plasma density for wave penetration and heating is the cutoff density

(a_ -- 4.4× 1013/cm-S for fw = 60 GHz).

Now, consider an off-midplane launcher for a noncircular tokamak such as illus-

trated in Fig. 1. If we try to heat the center of the plasma from the launcher as

illustrated in Fig. 1 (line M), the peak plasma density should be 3xl0XS/cm -s or less.

For a higher density, a ray cannot reach to the center nor the resonance layer as ray

A. Because ray A crosses equal-density surfaces with angles much different from 90°,

the ray turns back at a much lower density than the cutoff density. If a ray makes

about 90 ° with equal-density surfaces in the region near the cutoff density such as ray

B, it almost reaches to the cutoff layer, but may not reach to the resonance layer. Ray

C, which has a slightly different injection angle from ray B, reaches to the resonance

at a plasma density slightly lower tha_ the cutoff density. However, even with this

injection, if a plasma density becomes higher, this ray may turn back without reaching

the resonance layer. If we try to heat an outer region and inject a -ay in the direction

D_, actual heating occurs at a further outer region. Thus, we must find out an opti-

mum injection angle for plasmas to be heated. If the injection angle is fixed, we must

produce a plasma in which peak density and profile are within certain ranges.

For the case of Fig. 2, in which the central density is 5.5 x 1013/cm -s and the

density profile is approximately given by
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FIG. 1. Typical ray traces for an ofl'-midplane launcher in a noncir-
cular high density tokamak plasma.

[(i)'l",,(_)=-o i- , (i)

a=0.6 ,

• typical three rays are plotted. Ray A is tilted downward by 20_ from the horizontal

plane, B is 35 °, and C is 40 °. From this figure, we can expect that all rays pass the

• resonance if rays from an antenna are between 20° and 35 °. But at the larger angle,

only a fraction or none of the rays can pass the resonance. Assuming the opening
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FIG. 2. Typical ray traces for no = 5.5 x 10ts cm -s.

of an antenna is 15° and the approximate density profile is given by Eq. (1) with

various n0 and a, the absorption rate is shown in Table 1, assuming the central electron

temperature of 2 keV. If the density is relatively low, a larger injection angle is probably

more advantageous, because heating occurs relatively inside. But if the density is

higher, a ray with a large angle cannot reach to the resonance, thus injection 20° ~ 35°

gives better heating.

In conclusion, we need a detailed ray tracing study using the actual shape of a

plasma if we have to launch waves which projections on a poloidal plane are not about
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TABLE 1

ABSORPTION RATES FOR GIVEN DENSITY PROFILES

0 no (1013/cm -3) _ Absorption Rate (%)

30° N 45° 4.8 0.6 84

5.0 0.7 78

5.O O.6 76

5.5 0.7 49

5.5 0.6 28

6.0 1.0 62

6.0 0.7 0

6.5 1.0 0

20 °~ 35° 5.5 0.7 72

5.5 0.6 70

6.0 1.0 78

6.5 1.0 58

normal to the equal-density lines. If the experiment has some restrictions, as our DIILD

has, this kind of study may help designing experiments.

This is a report of work sponsored by the Department of Energy under Contract

No. DE-ACO3-84ER53158.
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Simulation of the Effect of

ElectronCyclotronHeating on TearingModes

E. Westerhof and W. Goedheer

Aasociation Euratom-FOM, FOM-In_tituut voor Plasmafyaica

Rijnhuizen, Nieuwegein, The Netherlands

ABSTRACT

Transport code simulations of electron cyclotron heated discharges in
TFR are presented. Special attention is paid to the influence of ECH on
the behaviour of resistive MHD modes, as caused by changes of the current

profile.

I. IKTRODUCTION

Electron cyclotron resonant heating experiments are in progress on the

TFR tokamak using three 60 GHz gyrotrons [I]. The output power of each

gyrotron is well over 200 kW and their pulselengths are limited to 100

ms. Introductory experiments were done with only one gyrotron at reduced

power and pulselength, 100 kW (at the plasma) and 30 ms respectively. In

these experiments a wide range of phenomena was studied [2]. One of these

phenomena was MHD-actlvlty. lt was shown a.o. that heating just outside

the q=2 surface stabilizes the (m=2, n=1) resistive tearing mode. Also

active feedback control of this mode was done for the first time using

electron cyclotron heating [2].

In this paper simulations of electron cyclotron heating in TFR are

presented, whloh are performed with a version of the ICARUS [3] transport

code. The beneficial effect of the well-localized electron cyclotron

heating on the (m=2, n-l) tearing mode is shown and the dependence of

this effect on the total absorbed power and the location of the electron

cyclotron resonance is studied.

In the next two paragraphs a description is given of the models, that

are used for the evaluation of the tearing mode evolutlon and of the

power deposition of the electron cyclotron wave. Thereafter the results

of the simulations are presented and their relation to the experimental

result is discussed.
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ZT. THE TEARING HODE EVOLUTION

According to recent results from the quasilinear theory of tearing
d

modes [4,5,6] there are three possible methods for stabilizing or dimin-

ishing tearing modes. Two of these, namely heating and current-drive in-

side the island directly affect the growth rate of the mode by changing

locally the (m,n) component of the electric field. The third one: local-

ized heating outside the resonant surface, only indirectly changes the

growth of the mode through the induced changes in the current prof£1e,

thus changing 'delta prime', the stability parameter of the mode. In this

paper only the latter effect is considered. The first two rely on

poloidal variations of the electron temperature or current density and

can only be accounted for in a I-D transport code by making additional

assumpt ions•

This leaves one wlt,h the following equation for the growth of a tear-

" ing mode with mode numbers (ro,n)[6]

• _m,n = 1.66 n(rs) Am,n(Wm'n ), (I)

where w is the total width of the (m,n)-islands and q(r s) is the re-m,n

sistivity at the singular surface (defined by q(rs) = m/n) and the factor

1.66 results from more detailed calculations [83 while a' n(Wm ) is them, ,n

change of the logarithmic derivative of the perturbed helical flux func-

tion _m,n over the entire island:

_' n(rs _= ) - , rs _Wm, n)
a',n(Wm,n)m " m, + Wm,n _m,n ( -

(2)

_m,n(rs)

The perturbed helical flux function is given by the llnearized equation

of ideal MHD in the regions r > r and r < r :s s

d= 1 d - I == _oaJ lav ]
+ -- _m + o _m - 0 (3)

_m,n r dr ,n _ Be_nraz/m R ,n '
l,m

where Jo is the current density (as it results from the transport code

• calculation), B0 is the corresponding poloidal field, Bz is the toroidal

field and _o is the permeability of vacuum (all in S.I. units). Equation

(3) determines Sm,n in both regions up to a factor (which is proportionalt

to the mode amplitude); together with the condition of continuity at r=r s

this is sufficient to find &' from Eq. (2).
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From Eq. (I) one sees that a saturated mode is found for A'=0. The

size of the saturated island, Wsa t, is thus given by the implicit equa-
tlon

_,(w ) . 0. (4)
sat

In Ref. 7 the resulting saturated island widths are shown to be in rea-

sonable agreement with the results of a more detailed calculation [8].

At this stage we have to point to the following remark: stability or

instability of a mode very sensitively depends on the singular term pro-

portional to aic/at in Eq. (3); in a transport code, however, this term

strongly depends on the assumptions made with regard to the resistivity.

The uncertainties, in the experiments, about the resistivity are too

large to permit a reliable prediction of (In-)stability of tearing modes,

but it is meaningful to study the effect of profile changes due to, e.g.,

localized heating and its impact on an unstable mode. But caution remains

necessary in the interpretation of the results of such a study.

III. POWER DEPOSITION OF AN ELE_"I_ON CYCLOTRON WAVE

In the experiments a wave is launched from the low-fleld side of the

tokamak in the equatorial plane and perpendicular to the magnetic field.

Wave polarization is in the ordinary mode. On the high-fleld side of the

torus a collimating mirror, which conserves the mode polarization, is

mounted to reflect the power which is not absorbed during the first pass

at a toroidal angle of 20° in order to prevent reflection back into the

launching system. In case of heating outside the q-2 surface the single-

pass absorption in TFR is very low (i.e., less than 20%). Due to disper-

sion a large fraction of the remaining power will not reac_ the absorp-

tion layer in the second pass, but will only be absorbed after at least

one additional reflection on the tokamak wall. This makes it virtually

impossible to correctly predict the power deposition profile. For this

reason the calculation is limited to t_Le evaluation of the absorption

during the first pass only and, for comparison with experiments, thls ab-

sorbed power is identified with the injected power• To evaluate the first

pass absorption a parallel beam having a finite vertical size is used.

The power distribution inside the beam is taken to be parabolic, i.e.,

Po(y) - [I - (y/w)=), (5)
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where y is the vertical coordinate, w is the half-width of the beam and

Po(Y) is taken to be the intensity of the beam integrated over the toroi-

• dal direction. The local power absorption in the poloidal cross-section

of the tokamak then is given by

Pabs(X,y) =(x,y)e-f_ (x'y)_ds'" Po(Y)' (5)

where s is the spatial coordinate along the beam and _(x,y) is the local

absorption coefficient, which is evaluated in the weakly relativistic

limit for perpendicular propagation [9]. The power absorbed at any point

of a flux surface spreads out very quickly over the entire flux surface

leading to the following radial power deposition profile (of. [11])

aT

PEcH(r)= I--!--I de Pabs(X,y), (7)4_aR
0

where R is the major radius of the tokamak.

IV. RESULTS OF THE SIMULATIONS

The effect of electron cyclotron heating on the (m=2, n=1) tearing

mode is presented for three cases with only silghtly different positions

of the q-2 surface and the electron cyclotron resonance. The Ohmic target

plasmas were simulated in such a way that they showed an unstable (m-2,

n-l) tearing mode wlth a saturated width between 3 and 4 cm. In ali three

cases the same transport, average density and impurity content (0 and Ni)

was used. The relevant parameters are given in Table I.

Table I. Parameters common for all runs

major radius R 0.96 m

minor radius a 0.18 m

average density <n > 1.1 • 10t' m-3
e

impurities no/n e constant I °/o

nNilne constant 2 °/oo

transport: 'modified' ALCATOR/INTOR:

• ne Xe (1.1 + 0.6;)1019 In-_ S-';

De (0.5 - 0.4;) Xe;Q

neo-classical thermal transport for the ions;

classical 'Spltzer' resistivity

EC-5 SAN DIEGO, NOVEMBER 1985 231



For the Ohmic target plasmas only the total current, I, and the toroidal

magnetic field, B_, were varied in order to change the relative positions

of the q=2 surface, rs, and the position, Xcy, of the electron cyclotron

resonance. In Table II these quantities are given for the three cases

toEether with some characteristic parameters of i:/leresulting tarEet

plasmas. The results of the simulation agree reasonably with the ex-

perimental observations on TFR in this regime.

Table II. Specific parameters for the ohmic target plasmas

Case I Case II Case III

B$ 2.43 T 2.47 T 2.4T T
I 140 kA 140 kA 130 kA

T (o) 1050 eV 1050 eV 980 eV
e

n (o) 2._ • 10 *I' m-* 2.q • 10"* m-* 2. q • 10 zt' m-"
e

_Z 9 ms 9 ms 9 ms
r 14 cm 14 om 13 em
s

x 13 cm 15 cm 15 cm
oy

3." cm 3.5 om 3._ om
w2/1, sat

The relative positions of r and x indicate that the absorption occurss oy

just inside r s, just outside rs and somewhat ruff, her outside rs, respec-
tively. On these Ohmic tarEet plasmas electron cyclotron pulses of 100 ms

with 100, 200, 300, 400 and 500 kW total power and a bea_ (half-)width of

6 cm were applled. The resulting power deposition profile was centred

around a radius equal to x with a width etl to 2 eta. The total amount
oy

of absorbed electron eyclotrGn power, which at high power, levels increas-

ed considerably during the heating pulse, for oases II and III was 17,

36, 55 to 65, 75 to 100 and 95 to 150 kW, respectively, while for case I

the total absorption was twice as high, the electron cyclotron resonance

Oeing furt/_er inside. In FiE. 1 the effect of these well-localized

heating pulses on the width, w2/1, of the island of 15he (m-2, n=l)
tearing mode is shown. A large stabilizing effect is found for heating

just outside the q-2 surface with a high total power ab_sorption (Fig.

lD). Contrary to earlier results [4,10] this effect is found to be
e

limited in time. In the next, paragraph this result and further details

will be discussed.
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FIg. I: The effect of ECH on the size of the (m-2, n-l) tearing mode.
The effect of a 100 ms electron cyclotron heating pulse is shown:

a) for heating of the case I OhmLc target plasma with 100, 300 and 500 kW
ECH. Really absorbed in the first pass is 30, 100 to130 and 190 to

330 kW, respectively;
b) for heating of the case II Ohmic target plasma with 100, 200, 300, qO0

and 500 kW ECH. Really absorbed in the first pass is 17, 36, 55 to 65,

" 75 to 100 and 95-150 kW, respectively;
c) for heating of the case III Ohmic target plasma. The launched and ab-

sorbed ECH power_ are the same as quoted under b.
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V. DISCUSSION OF THE RF._ULTS

Figure I shows that the effect of the localized heating strongly de-

pends on both the position of the heating and the effective heating power
t

(i.e., the power which is absorbed in the plasma). While the effect of

heating just inside the q=2 surface is small (Fig. la) heating up to I cm

outside the q=2 surface can completely stabilize the (m=2, n=1) mode

(Fig. Ib) if the absorbed power is around 100 kW (remember that the

efficiency of single pass absorption is around 20 %). Heating about I cm

further from the q=2 surface requires a considerably higher power to

achieve the same effect (Fig. Ic).

All three cases show that the beneficial effect of the heating is only

temporary. On a longer timescale the profiles become unstable again. For

case I with 500 kW electron cyclotron heating power the island reaches

an unrealistically large size Just before the end of the pulse, which

indicates the inevitable occurrence of a major disruption. This is caused

by a slow global diffusion of the current from the centre outwards, which

in the long run is destabilizing. This effect is illustrated in Fig. 2

where the current and temperature profiles for case II with 500 kW are

shown before, after 10 ms of electron cyclotron heating and at the end of

the electron cyclotron heating pulse. After 10 ms the change in the

current profile is still reasonably localized and the radius of the q-2

surface is hardly changed. At the end of the pulse, however, the changes

are global and much larger causing a significant increase in q on axis

and an inward shift of the singular radius. This destabilizes the mode

again.

All three cases also show that, when the heating is stopped, the mode

shows an explosive growth. On a longer timescale, however, the plasma
i

globally re,axes and returns to its initial steady state with a saturated

island of the same width as before the heating.

Because of the uncertainties with regard to the current density and

power disposition profile a detailed comparison with the experimental re-

sults is impossible. The timescales in the experiment [2], however, are

about a factor of 2 faster than the ones shown in Fig. I. This difference

is within the uncertainty about the resistivity, which is sometimes

claimed to be 2 or more times (neo-)classlcal. What one does see in the

experiment, however, is that the effect can be only temporary: before the

end of a 30 ms ECH pulse on a saturated mode the mode starts to grow

again [2].
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Fig. 2: The changes of the temperature and current density profile during

the ECH pulse•
• a) The temperature profiles of the case II plasma with 500 kW of ECH

(95-150 kW really absorbed) Just before ECH, after 10 ms of ECH and
at the end of the 100 ms KCH pulse;

b) The corresponding current density profiles. The profile after 10 ms of

KCH is already stable for the (m=2, n=1) tearing mode, but the mode

can only decrease on a resistive tlmescale and lags behind. The

profile at the end of the ECH pulse is unstable for the (m=2, n=1)

tearing mode again due to the drop of jz(O) and the shift of the q=2

surface, rs, as indicated in the figures.

As far as the amount of power necessary for complete stabilization is

concerned, the experiment, in fact, showed complete stabilization with

100 kW injected into the plasma [2]. This probably corresponds to an ab-

sorbed power of 100 kW, since the power cannot easily escape from the

vacuum vessel, so it eventually is absorbed around the EC resonance. This

is consistent with the simulation which did show show the possibility of

complete stabilization with - 100 kW of actually absorbed power in a

single pass.
o
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VI. CONCLUSIONS

This leads us to the following conclusions:

- Stabilization of the (m=2, n=1) tearing mode by means of ECH is pos-

sible in TFR as shown by both experiment and simulation.

- With long ECH pulses, however, the mode can become unstable again.

This is because the amount of power necessary for stabilization is of

the same order of magnitude as the Ohmic input power, thus leading to

significant (destabilizing) global changes of the current density

profile on a resistive tlmescale.

- The effect of ECH strongly depends on the relative location of the q=2

surface and the EC resonance. The effect is largest for heating just

outside the q=2 surface.

- Detailed comparison of simulation and experimental results is hampered
D

by the lack of knowledge of the resistivity (i.e., of the actual

current profile) and of the true power deposition profile. This lat-
e

ter problem is due to the fact that single pass absorption around the

q=2 surface is below 20 $ in TFR.

- So far experiment and simulation are in reasonable agreement.
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VelocitySpaceDiffusionof Electrons

Inducedby a Beam of ElectronCyclotronWaves

of Finite Size in ToroidalGeometry

L. Demeio* and F. Engelmann

Association Euratom-FOM, FOM-In_tituut voor Plasma_sica

Rijnhuizen, Nieuwegein, The Netherlands

ABSTRACT

Generalizing earlier results, the quasilinear diffusion tensor D is
derived for circulating electrons interacting with an electron cyclotron

wave beam of finite size in a tokamak configuration. Two approaches are
considered, the first starting from Vlasov's equation following the lines

of standard quasilinear theory, the other using a test particle model.
The result is applied to rediscuss the limitations of the quasi-uniform

model commonly adopted.

I. IMTROIM;CTION

Velocity space diffusion of the electron dlstibutlon, induced by a

wave field, has been extensively studied in the case of an infinite homo-

geneous plasma, immersed in a uniform static magnetic field (see, e.g.,

[I]). However, when RF power is injected into a toroidal plasma a some-

what different situation is encountered. In fact, the inhomogenelty of

the magnetic field and the finite size of the wave beam modify the basic

characteristics of the resonant interaction between particles and waves;

in particular, the time of interaction which is infinite in a homogeneous

system (neglecting collisions and radiation damping) is now finite, which

leads to a broadening of the resonance of the wave-partlcle interaction.

The quasilinear diffusion tensor, as derived for a homogeneous system,

has been applied by several authors (see, e.g., [2,3]) to the case of

heating and current drive by means of electron cyclotron waves in a

toroidal plasma by simply reducing the known expression by the ratio of

the beam cross-sect ion to the area of the flux surface concerned. More-

.. t
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over, the magnetic field is taken to be constant on a flux surface. As

shown in [4] and discussed in more detail in this paper, this approach is

not generally satisfactory. In fact, it appears that only for those flux

surfaces whose minor radius r is much larger or much smaller than the

linear dimension of the beam d, this simple model is applicable, while

flux surfaces with r - d are poorly described.

The aim of the present work is to reconsider the derivation of the

diffusion tensor D describing the time evolution of the electron distri-,m

bution function for a non-uniform confining magnetic field and a non-uni-

form wave excitation. In particular, we refer to an axisymmetric toroidal

plasma into which a beam of electron cyclotron waves of finite size is

injected. Only the regions of velocity space corresponding to effectively

freely circulating particles, with approximately constant parallel

velocity, are considered.

Two different approaches are used:

(i) the diffusion equation for the electron distribution function is

. obtained from Vlasov' s equatlon, following the llnes of the

standard derivation of quasilinear theory [I];

(ii) a test particle model is used, which describes the effect of many

transits through the beam as a random walk in velocity space.

For simplicity, in both cases, the analysis is performed for successive

transits through the beam being statistically independent although the

effect of correlations between transits can be taken into account by a

straightforward generalization of the model. The finiteness of the wave

beam is taken into account in two different ways: either by introducing

explicitly a finite wave-partlcle interaction time or by taking a wave

spectrum appropriate to describe the finite beam width.

The expression obtained for the diffusion tensor D is the same in aliam

cases and provides a generalization of the result of Ref. 4, where only

the perpendicular tensor component DI-_I was considered adopting a test
part icle model.

2. DERIVATION OF THE DIFFUSION TENSOR

2.1 Introductory remarks

For simplicity, we consider an axisymmetlc toroidal magnetoplasma in

which circular concentric magnetic surfaces are present, as illustrated

in Fig. I. The magnetic field is assumed to be nearly toroidal. The wave
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beam is supposed to be symmetric with respect to the mldplane of the to-

rus, L and 2b being, respectively, its toroidal and vertical dimensions.

Most of the discussion, however, applies more generally.

For the wave field, we take either a single mode

_-(x,t) Ek° g(e)h(z)ei(k .x-mt)
= 0 + c.c. (2.1)

with h(z) effectively describing the beam shape in the toroidal direction

or alternatively

_(x,t). g(e) I_ dkHEk ei(k'x-_t). c.c. (2.2)

where the finite beam size in toroidal direction is described via an ap-

propriate wave spectrum E(kl[ ). Here c.c. denotes the complex conjugate
l!

+ kI (e cos_ . e2sin _) is the wave vector of a planeand ko : n kli°' _ l

wave, the subscripts II and I referring to parallel and perpendicular di-

rectlons with respect to the static magnetic field Bo and (n- B0/Bo,

ex,e 2) forming a right-handed set of orthogonal unit vectors. The wave

frequency m is taken to be real. The function g(B) describes the shape

of the beam in the poloidal direction. The Fourier component Kk in (2.2)

can be expressed by

Ek . Eko H(k H) (2.3)

where k ---nkll +kl(e I cos_ . e, sln_) and HCkll) is the Fourier transform
I! ||

of h(z). The quasilinear theory of uniform systems relies on distinguish-

ing two different scales in the time dependence of the distribution

function f and the amplitudes E and B of the electric and magnetic wave

fields: a rapid oscillation and a slow variation of the equilibrium, a

necessary condition being that IEl, IBI are sufficiently small. In toroi-

dal geometry an intermediate time scale appears, characterized, for exam-

pie, by the time of revolution of a circulating particle around the

torus, _c -2_R/Ivll 'I where R is the major radius of the torus and vllthe
component of the velocity vector parallel to the static magnetic field.

Furthermore, since a wave beam of finite size is considered, one also has

a transit time of a particle through the beam

= I-!-[Ii'F - viI, hc-.'_d,., = L-- l_l.I '
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and an average time between successive transits through the beam,

--_ S/o, where S = 4_2rR is the flux surface area, and o the area of
P F
that part of the flux surface which intersects with the beam. For r > b,

one has o = 4hrarcsin(b/r), while for r < b one obtains _ - 2_rL. The

relation _p >> _F' which expresses the smallness of the dimensions of the

beam compared to the size of the system, will be assumed throughout. Both

and _p also are intermediate time scales. As a consequence, vl,can beTF

considered to be constant over many transits of a particle through the

wave beam.

2.2 Kinetic approach

Denoting with fo and f, respectively, the slowly varying and the os-

cillating part of the electron distribution function, Vlasov's equation

yields, in the usual way,

afo/;_t- e/m< (_.+ v_§/c) • a_/av> . (2.4)

and
I

dflatlo = elm [_-+ vxBlc) • afolav . (2.5)

Here, e and m are the charge and the mass of the electron, c the speed of

I -a/at . v.v- (e/mc)v x Bo" a/By is the time deriva-light and dldt o

tire along the unperturbed particle orbit. The statistical average <...>,

is assumed to have the property of annihilating all fast oscillating con-

tributions. From Eqs. (2.4) and (2.5) one obtains

af./at = B/By • D (t) • (a/av) lc, (2.6)
,m

where the diffusion tensor D is given by

i dh

D(t). (e)2cg(e)]2[ [a_ h(Zo+ t)- .ca ] •- _ ,ko Vll = _ ,ko
t t'

cg.,ko] + c.c.•[ dt'h(Zo + Vll,t')e t ko b_,,ko _ . (2.7)

• Here, n_,ko="-kllo_ll- _'o'"_=I_Bo/,ol_ t._oyolot_o,frequency,
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- + -l_
Ekoe i_ + J _koe 8£ = ¢ + (v /vi) ,

where J£ is the Bessel function of order £ and argument klvll_c,

o = iE ) are the right-handed and left-handed polarizations

of the electric field and E" - Eko. n. The explicit time dependence, ko

which appears in D(t) refers to the intermediate time scale. The diffu-

sion coefficient describing the motion of the equilibrium on the long

time scale is given by

D - 1_ diD(t) (-&) B(s)ds= .o _i.)d. -. = " ,o _nc,)d.
tt

[g(s)]' ; I_(_£ k's)P b_ b_ . (2.8)
£ , o ,ko 'ko P

where s denotes a coordinate along the circumference of the cross-section

of the magnetic surface considered. The ideal resonance, whlch is present

in uniform systems, is now replaced by

1 -i dr' _(S,t' )

_(_,_>-_ dt.CZo. _11t>, , (2.9>--Q

from which, in the limit of a homogeneous magnetic field and uniform wave

excitation, the Dirac 6-functlon is recovered.

When the finite beam size is introduced through the shape of the spec-

trum one flnds

II I__ e a B(s)ds ]2 I zo 2D - 4_2 (m) [g(s) Z dk • H(k )A (_£ ,s)
,mll i

• b£,k, Db£,ko (2.10)

I." I:
_ 1 -i _(s,t)dt'

with A (a s) = -- die , which after some algebra, can" ' 21T

be proven to be -" equal to (2.8).

2.3 Test particle approach

At any transit through the wave beam, an electron suffers an increment

av in the velocity vector. AssuminE that successive transits are statis-

tically independent, the diffusion tensor D is obtained by calculating
I

D = B(s)ds <AvAv> .

= _B(s)ds 2_c
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The increment &v can be derived from the equation of motion for a single

• electron, regarding the effect of the wave as a perturbation on the basic

cyclotron motion. Substituting the result in the expression for D,

, averaging over the Larmor period and the initial phases, and over the

flux surface, expression (2.8) for the diffusion tensor is recovered. In

a similar way, Eq. (2.10) is found when the finite beam size is described

by a wave spectrum.

3. CONCLUSIONS KND DISCUSSION

In conclusion, all approaches considered yield the same expression for

the diffusion tensor. The agreement between the two different ways of

treating the finite beam size (i.e., finite interaction time and appro-

priate kll spectrum) is actually trivial, since the two cases are only
I!

formally different. On the other hand, the kinetic and the slngie parti-

cle approach, although aiming at describing the same physical process,

rely on somewhat different concepts, so that the agreement of the results

. is not fully obvious.

Let us now discuss the properties of the diffusion tensor in some more

, detail. To obtain an explicit expression for the resonant function IA!z,

we assume that, within the _ve beam, the change of the cyclotron

frequency u along a field llne, due to the rotational transform, isc

(z) = ,.(Zo) *small and can be described by using the expansion mc c

/dz) (z - z ). Note that this approximation is not valid in the
(dec Z o o
special case of magnetic field lines crossing the equatorial plane while

passing through the beam (i.e., for e = s/r " 0;7). Putting z = zo . vI t
I

=)t. Simple geometrical con-
we have mc(t) = mc(O,e) + sign (Vllslne)(2_Ix B

sideratlons show that _B " R{2vq/(rmclVil sinel)}'=, where R is the
| |

distance of the point corresponding to zo from the major axis of the

--w (O,B). The time _B is related to the variation of thetorus and Uc c

magnetic field felt by a particle travelling along the field llne consi-

dered and measures the duration of the resonant interaction of a particle

with the wave during one transit through the beam.

With the special choice h(z o . Vllt) - exp{-v(t/TF)Z} for the function
lm

describing the shape of the wave beam, we finally obtain

(_ _F)=/2_

I li= = -A(O£,ko,S = ) 11 . ) } • 1 :" _TF/,B)' (3.1)

m

- .. vlj - _'mcwhere,ko,e -= kll° (o,e(s)).Two limiting cases can bed s-
tinguished. For XF << _B, the magnetic field variation felt by the
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particle while passing through the wave beam is very small and the

resonant interaction is effectively determined by the finite beam size,

leading to a broadening of the resonance, with respect to the homogeneous

case, _ " I/_F consistent with the wave-partlcie interaction time being

XF" In the opposite limit, TF >> _B' the effect of the magnetic field va-

riation is strong, leading to an interaction time short compared to the

transit time through the b_am. Since the exact resonance _£,ko -O, for

the field llne considered, can be at any point within the beam and _c(Z)

. 2 the function JAI2 is largevaries along the field llne by Au c 2_F/_ B,

, 2 Furthermore the maximum of the diffusion
over the interval 6_ _F/TB .

tensor is smaller, by a factor (_B/_F)2 << 1, than its value in the

opposite limit.

With Eq. (3.1) one can estimate the validity of the simple flux sur-

face averaging of the diffusion tensor, currently in use [2,3]. lt is

easy to see that, for _F >> _B' the result given by the quasl-uniform

model cannot be recovered, therefore, XF << _B must be fulfilled. More-

over, jAlz " (_./2_) 2 must be valid over the intersection of the flux

surface with the wave beam, which requires l_,ko(e)TF/2/'2_j<< I for ali
values of e within the beam, i.e., the magnetic field may vary only

very little in this range. This latter condition is often stronger than

the former, TF << XB' in particular if the wave beam is around the equa-

torial plane, as considered here. It implies

__ >> 1, (3.2)
c c

with g(r) = (I/2/_ )(_¢L/c)(r/R) for r _< b, and g(r) - (I/2F_'_)(_cL/C)

(r/R){1 - [I - (b/r)2]_} for r > b. The maximum of g(r) is at r = b and

takes the value g(b) = (I/2/_)(m L/c)(b/R). Condition (3.2) can be sa-o

tisfied only if g(r) << I. The behaviour of g(r), normalized to its

maximum g(b), is shown in Fig. 2. In most practical cases, g(b) " ; or

larger. E.g., for a small tokamak, llke TFR, g(b) -3, while in a larger

device, assuming a well collimated beam, g(b) can be somewhat smaller,

but not less than one.

In conclusion, we can expect the simple quasi-uniform model to yield a

good approximation only on the outermost flux surfaces and close to the

magnetic axis; in fact, in both cases, the variation of the magnetic

field over the beam aperture is small: because of the small curvature in

the former case, and because of the small excursion perpendicular to the

confining magnetic field in the latter. With regard to the out.ermost flux
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surfaces and in the non-relatlvlstic limit, this result has been given by

Cairns and Lashmore-Davies [43. If condition (3.2) is not satisfied, the

diffusion, within the resonant range as following from the quasi-uniform

model, tends to be weaker than this model would predict, while it may

extend over a range that is wider. Effectively, the results obtained for

D indicate that a corrected quasl-unlform model in which only that p,_rt_sm

of the beam is taken into account which can resonantly int_.ract with an

electron of given velocity provides a fair approximation to the actual

situation, as is physically intuitive. However, in addition the resonant

range must be properly adjusted.
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Propagationof a GaussianWave Packet

in an AbsorbingMedium and Generalization

of a GroupVelocity

Masayoshi Tanaka
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Kyuahu University, Kaauga, Fukuoka 816, Japan

ABSTRACT

Propagationof a Gaussianwave packet in an absorbingmedium is studied

in order to shed a light on the physicalbasis of ray tracing in a plas_,awith

the electroncyclotron absorption.Using the saddle point method, we obtain

the propagationvelocityfor the maximum amplitudeas

C

,whichis reducedto the group velocity for the absorptionfree case. This

velocity shows a good agreementwith the numericalresults and is considered

as the generalizedgroup velocity valid for an absorbingmedium.
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I INTRODUCTION

o A method for describing wave propagation in a plasma is based on the

geometrical optics, in which the trajectories of waves are defined by the

group velocity and the Hamiltonian equations are obtained for the trajectory

and the wavenumber. Integrating these equations with appropriate dispersion

relation, we can describe the wave propagation in the plasma.
Jql

As was pointed out by Brillouin and Sommerfeld,_however, an absorbing

medium indicates the anomalous dispersion and the group velocity may become
2 3)

infinite in the absorption range of frequency. Similar results have been

reported for a plasma with the electron cyclotron absorption. So far,a common

understanding on the group velocity in an absorbing medium is that the concept

of group velocity breaks down.
w

Recently there have been many attempts to describe a wave packet
A%

propagation in an absorbing medium. Among them, Gintzbur?proposed the group

velocity in an absorbing medium as

- C

s)
On the other hand, Garrett and MuCumber pointed out that under certain

conditions the wave packet does propagate with the group velocity even it
6)

exceeds the light velocity. Crisp proposed the wave packet deformation as a

mechanism of such the anomalous propagation.

In experiments, direct observations of the wave packet have been made

. on semiconductorsusing the time of flight methods of laser pulses, which

providetwo seeminglycontradictoryresults, i.e., in a spatiallydispersive

• 7)
° medium the pulse velocity slows down in the absorptionrange of frequency,

however,the pulse accelerationhas been observedon a frequencydispersive
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medium. The latter is understood in terms of wave packet deformation due to

absorption characteristic of the medium. Tanaka et al_Jshow the coexistence of

both propagations in a Lorentz medium and also show that these are

fundamental characteristic of wave packet propagation in an absorbing medium.

The problem of interest is to obtain the propagation velocity relevant

to describe those various phenomena on the wave packet propagation in an

absorbing medium. For this purpose we Consider the propagation of a Gaussian

wave packet travell_ng in a model medium with absorption and examine its

asymptotic behaviour both theoretically and numerically. The saddle point

metho_U_s used in describingthe wave packet and the propagationvelocityfor

peak amplitudeis derived as

dz C

, which coincideswith the group velocity for an absorptionfree case.

Numericalcalculationsshow that the trajectoryof the peak amplitude

asymptoticallyapproachesto that obtained by the above equation, lt also

revealsthat in the early stage of flight the wave packet propagatesbackward

direction°After a few tens of wavelengththe backward componentsfully die

out and then the wave packet propagatesforward direction.The result is

qualitativelyunderstoodin terms of the damping of Fourier componentwaves.
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II FORMULATION

(i) The Saddle Point Method

One dimensionalPropagationof a Gaussianwave packet is studied in a

uniformelectron Lorentzgas as a model medium of a plasma with absorption.

The refractiveindex,which characterizesthe wave packet propagation,is

relatedto the dielectriccoefficientof the medium as

_(_) : _L'_) + __z¢_) = VF-Cm) (_)

2

_P (21
" E {uj)-- I .

: -coz ?/(_uJCOO

where _ and _o are an electron plasma frequencyand a dissipationrate,

respectively.A quantity 600 is a resonancefrequencyof the medium at which

the absorptiontakes place. Figure l shows the refractive index as a function

of frequency.The medium exhibits anomalousdispersionand is highly

dispersivearound the resonancefrequency.

The profile of the wave packet propagatingin the medium (at time t and
"0

positionx ) is expressedby the Fourier integral;

ew:

: ---"I -Z._ut .;.,'nc_)_x
I a_e [ A(_le _ (al• U(_,t) .g_

• . _._)_)c
.._

. B(_)e c ]
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We will consider a Gaussian modulatedwave packet given by

_ t_/2__
U (o,t) = e cos_u_t (41

where A is the pulse width and _J_cis the frequencyof carrierwave.

Taking a rig,ht-goingwave (positivedirectionof x ) in eq.(3))we have

! °
where A(IO) is given by

The asymptoticform of the wave packet is obtainedwith an aid of the

saddle point method,.To make use of this method, n(_) is analytically

continuedto a complex610-plane. Equation (5) is then re-writtenby

x/4 {,
U _x,t)= / _:_ e + c.c. (7)
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where _= _/_o, Zo: c/_o,and the P(_) is given by

where _c: U')c/_'_ =A_O " A quantity lC/]Co is the propagationdistance

normalizedby the wavelength in the vacuum. The asymptoticform of eq.(7) is

determinedby the saddle points of P(_) , which is defined by

q

" ; a-_% d_s x __--c_-uj_)T_= 0 (9)

The saddle points are usually complexquantities and the path of integration

is deformed so as to pass through the saddle points. After an integrationthe

wave packet is given by

= i (lO)

where o(_is the angle betweenthe path of integrationand the real axis at

the saddle point. When more than one saddle points are present in the complex

• c_-plane,eq.(lO) is considered as a summationwith respect to the saddle

points.
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(ii) Velocity of Peak Amplitude
#

Now we will derive the velocity of peak amplitude.The saddle point

correspondingto the peak amplitudeis determinedby the zero of exponentof

eq.(lO):

Noting that 'G)P/_= 0 , we obtain from the first term of eq.(ll),

= 0 for peak amplitude (12)

After infinitesimalincrementof time t.t+_t, the position of the peak

amplitudeand the saddle point change their valuesasx--> x+_x, ws->cOs._u_.

Since the saddle point must always satisfyeq.(g),
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Dividingthe above equationwith respectto oc_ , we have

9P d_ :p_p d_D_ 9P"h ----- - (14)

The real and imaginarypart of this equation are

// :_ w // ... /

. __, ,(

where _jz/__0 is used. Solvingthese equationsin terms of dx/dt and

d_/dt, we have the velocity of peak amplitudeand the rate of change of the

saddle point frequencyalong the trajectory;
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When the absorption is negligiblysmall, (._I_>)_0 , these

equations are reduced to #

• -= (19)

= 0 (20)

which is a usual Hamiltoniansystem describingthe wave trajectory in a

homogeneousmedium. Equation (19) is the group velocity.

Integratingthe set of eqs.(17)and (18), we can determinedthe

trajectoryof peak amplitudefor an absorbingmedium.

III RESULTS and DISCUSSION

The saddle points are numericallydeterminedby eqs.(1),(2)and (9) and

the wave packet is evaluatedby substituting those saddle points into

eq.(lO).Figure 2 shows the time developmentof the wave packet observed at a

fixed positionfor differentcarrierfrequencies.The abscissa is normalized

time Z-/tc where _c is the travellingtime of a light pulse in the vacuum

and the observationposition is _/X.o=l.?O . The maximum amplitudesare

normalizedto unity. The width of the wave packet is _ = 50. When the

carrier frequencyis far from the frequencyof absorption,the wave packet

propagateswithout deformation.On the other hand ,when the carrier frequency
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is near the frequency of absorption, the wave packet takes longer time to

reach the observation point and exhibits the deformation from its initial wave

form. The average propagation velocity determined by the travelling distance

divided by its flight time of the peak amplitude, x/t , is plotted in Fig.3. A

dashed line indicates the group velocity obtained from the dispersion

relation and a dotted line the velocity given by Gintzburg. Although these

velocities coincide with numerical results in the absorption free region,

there is a remarkable deviation in the absorption range of frequency. This

means that these velocity , group velocity and Gintzburg's velocity, no

longer describe the propagation of the wave packet.

The trajectory of the wave packet can be determined by integrating

• eqs.(17) and (18) , which is shown by the solid line in Fig.4. The profiles
t

of the wave packet observed at fixed positions are also shown in Fig.5. The

carrier frequency is u_:/uJo: 7 for both figures and the peak amplitudes are

normalized to unity in Fig.5. In the short range of travelling distance, there

is a small peak propagating backward and it damps out within a few tens of

wavelength. After some critical distance forward-going peak appears and its

trajectory asymptotically approaches to that obtained by eqs.(17)and (18). The

wave packet in the initial stage of flight propagates backward direction.

The above results can be qualitatively understood in terms of Fourier

component waves° Consider the wave packet with carrier frequency cv¢/uJc = I.

Figure 6 shows the schematic of refractive index and the Fourier spectrum of

the wave packet. A component wave in the anomalous dispersion region (denoted

by UA ) may propagate backward direction, while a component wave in the normal

dispersion region( denoted by UN ) may propagate forward direction. In thea

initial stage of flight the most part of wave energy locates in the anomalous

- dispersion region and so the wave packet as a whole propagates backward

direction. However, the anomalous component fully die out within short
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travellingdistance Then the wave packet consistsof those normal component

and, thereafter,propagatesforwarddirection.

lt might be worth pointingout the mathematicaldifferencebetweenthe °

saddle point method and the expansionapproximationwhich is used in deriving

the group velocity and the Gintzburg'svelocity.To describe the wave packet,

one have to evaluate the Fourier integral in which the integrandis highly

oscillatingfunction(seeeq.(3)).The expansionapproximationis so far used

assuminga narrow frequencyspread of the spectrum.However, the integrandis

highly oscillatingfunction and the contributionis not localizedin the

neighbourhoodof the centralregion of the spectrum becauseof resultant

cancellationsof the integrand.Moreover,the medium is highly dispersivein

the absorptionrange of frequency.The basic assumptionthat the contribution

is localizeddoes not alwayshold and therefore this approximationis

inappropriatefor this problem. In the saddle point method, however,the

oscillationof the integrandcan be suppressedby deformingthe contour of the

integraland one can evaluatethe integralwith desired accuracy. In addition

this method has a great advantagethat further assumptionon the spectrumsuch

as a narrow frequency spread is no need for evaluations.

When the absorptionis negligiblysmall, one can easily verify that the

saddle point correspondingto the peak amplitudeis equal to the carrierwave

frequency.Under these conditionsthere is no differencebetween the two

methods and eq.(17) gives the group velocity,which is the reason why the

group velocityand Gintzburg'svelocityshow a good agreementwith numerical

results for the absorptionfree region.

In summary,we study the propagationof wave packet in an absorbing

medium, lt turns out that the group velocity and Gintzburg'svelocityfail in

describingthe propagationof wave packet in the absorptionrange of

frequency.The velocity of peak amplitudeis obtainedwithin the frameworkof
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the saddle point method. The numericalcalculationsrevealsthat the wave

packet in the initialstage propagatesbackward and the trajectory

asymptoticallyapproachesto that obtained by eq.(17).This quantity,which is

reducedto the group velocityfor an absorptionfree case, is consideredas a

" generalizedgroup velocity " valid for an absorbingmedium.
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Fig.4 Trajectoryof peak amplitudefor absorptiondominant case.

The solid line indicatesthe trajectory determinedby eqs.(17) and (18).
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to ToroidalDischarges
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Abstract

The propagation of whistler waves in toroidal discharges is examined.

It is shown that the whistler wave can propagate from the edge plasma of a

toroidal discharge to its central regions provided the frequency is

sufficiently below the electron cyclotron frequency and n H is

significantly larger than unity. The density to which the wave can

propagate is controlled by n n. The possibility of driving a current in a
reversed field pinch is considered. The power transfer between the

whistler wave and the plasma is through electron Landau damping. In a

tokamak the whistler wave can propagate to very high densities from the

low field side e.g. for a magnetic field of 2.5 tesla and n n- 8 the wave
could reach a density as high as I021m "3.

1. INTRODUCTIONi i i ,|,

Various plasma waves have been proposed for heating and non-inductive

current drive in toroidal plasmas, lt appears, however, that the whistler

wave has not so far been considered. This may be because the whistler is

usually thought of as propagating along the equilibrium magnetic field.

£n this paper we consider the propagation of a whistler wave across the

magnetic field with a view to its application in both a reversed field

pinch and a tokamak.

We shall consider the possibility of both heating and current drive

by means of whistler waves in tokamaks. We shall also consider the

possibility of driving the poloidal _trrent required to produce the

reversal of the toroidal magnetic field in a reversed field pinch. For

the tokamak application the whistler wave is able to propagate to very

high densities if a satisfactory antenna can be designed.

The whistler wave is similar to the lower hybrid wave in so far as it

couples parallel energy to the electrons provided the wave frequency _ is
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. sufficiently below the electron cyclotron frequency Q • However, it also
e

possesses properties which may enable it to couple to the electrons for

both heating and current drive at h£gher densities where lower hybridJ

waves have been ineffective.

For the reversed field pinch application the poloidal current must be

driven in the outer regions of the discharge. This will require the waves

to couple to thermal electrons thus necessitating large values of n ll.

The pinch appllcation is also analogous to controlling the current profile

in tokamaks in that the current must be driven at a specified radial

location.

2. THE PROPAGATION AND DAMPING OF WHISTLER WAVES

The whistler wave is supported by the electrons and propagates at

frequencies up to the electron cyclotron frequency where the wave has a

parallel resonance. For parallel propagation the wave is right hand

circularly polarized and can propagate in plasmas of arbitrarily large

" density, iowever, for applicationm in toroidal experiments we need to

consider _he propagation of the whistler wave across t.he magnetic field.

" The case of oblique propagation is shown in figure I, taken from Cl_ow

and Dougherty (I) , where the square of the refractive index is plotted as a

i
: t
: 1
• /

| /ti/
,r

/ •
/ ;

t i

z o i

1. loyq_,,__ _ X

• Figure 1. The variation of the refractive index squared as a function of

plaama density (X --_2pa/_2) for fixed frequency. The full lines are for

O _ 0 and the broken linem for % - 0 where 8 is the angle between the wave

vector and the magfletic field. _he dotted line is the plalma frequency

line and Y - Qe/_.
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function of density. _he broken lines refer to the e- 0 case and the full

lines to e _ 0 where e is the angle between the wave vector and the

magnetic field. We shall be interested in the whistler branch, labelled

W, which only exists for Y cose > I, where Y - Qe/w. For oblique

propagation the waves are no longer circularly polarized and also possess

a component of electric field parallel to the equilibrlum magnetic field.

The field polarizations given by the cold plasma model are

E i ¢ E R nX _ . Inl--- = I --- - ------ (1)

Ey (¢I" n2) Ey (¢ II" n_)

where nll E Ckll/_, n I - ck/_ and ¢I' cxy and cN are the elements of the(I)
cold plasma dielectric tensor. Zn the above we have taken

k s (0, kl, kll).

Let us now consider the propagation of the whistler wave across the

magnetic field. This is done in the usual way by writing the cold plasma

dispersion relation as

2

xy -- xy

and assuming n u as fixed by the antenna whilst n I varies. For _ < Qe and

> I the above equation gives two ¢ut-offs, X - I and X - (Y-1)(n2-1).n N H

We shall only be interested in n > I becamle this both singles out theN

whistler wave and makes it susceptible to electron Landau damping.

The flow of wave energy across the maq_letlc field wall also be

affected by the existence of a turning point where the perpendicular group

velocity is zero. Such a point occurs when the two roots of equo(2) are

coincident. The condition for such a coincidence can be expressed in

terms of the density parameter X (-= _2 /_210 thuspe

1

- - CY .,- - -,.
4

For n >> 1 this reduces to
tl

X = y2 _.214 (4)
H
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Thls information is shown schematlcally in figures 2(a)-(c).

X

X=l

X_=( Y- 1)(n_,-1)

Figure 2. The variab.ion of the perpendicular refraction index squared as

a function of density, (a) ¥ < 2, (b) Y I 2 and (c) ¥ > 2.

The important point to note is that the localization of the wave in the

perpendicular direction is controlled by n I • The wave is evanescent at

the plasma edge but this evanescent region can be Rinimized by lowering

the frequency. For ¥ > 2 a wave launched at the edge of a toroidal

device will =bounce = between the two cut-offs reaching a maximum density

at the turning point.

For _ << _, the whistler wave will not tmdergo cyclotron damping

but will be subject to electron Landau damping. Under these conditions

the only significant thermal correction II to t I which gives the following

approximate expression for the imaginary part of nI
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xy

where nlc is the solution of the cold plaema dispersion relation and

__ _u 2 2

6Eli = _ _ _ 2Upe o e o / k2 vTe (6)

a

where u - c/_ 2 n VTe.o U

3. WHISTLER DRIVEN CURRENTS IN A REVERSED FIELD PINCH.
i

Let us now apply the results of the previous section to the

excitation of poloidal currents in a reversed field pinch. We shall

consider the specific example of HBT_. Zm the vicinity of the toroidal

field reversal point the electron temperature is approximately 100eV, the
_9 -3

density 10 m. and the poloidal magnetic field 0.15 tesla. As already

mentioned, in order for the wave to drive a poloidal current we must

choose an n such that the wave will damp on thermal electrons. Thus,U

for n = 20 we obtain a ratio of phase velocity to thermal velocity of
II

about 2.5. This is about the upper limit for the wave to couple to

thermal electrons. Zt is also of interest to calculate the electric field

polarization near the turning point. Wlth the aid of the solution of the

cold plasma dispersion relation, equation (2) and the expressions for the

field polarizations we obtain

E E
x n

"- = 0.261 and --" - 0.34
E E
Y Y

where we have chosen the X parameter to be 850. We therefore see that the

parallel electric field is of the same order as the perpendicular field.

The theory of currents driven along the magnetic field due to the quasi-

linear distortion of the parallel distribution function has been
r

adequately described elsewhere L2' 3, 4]. Here, we apply the results of

Cordey et al [4 ] to the present problem. These authors have computed the

total current per unit power injected. Using their figure I we obtain for
2

u -6.4
o

v
Q

I
-- - 0 •067amps/watt (7)
P
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for the conditions relevant to the field reversal region of HBTX.

Assuming that the poloidal current must produce a reverse field of 0.01

tesla and that the poloidal current is spread over a radial width of

0.05m. about the reversal location we conclude that the required poloidal

current is of the order of 40kA where we have taken the reversal to occur

at a major radius of 0.Sm.

With the aid of equation (12) we therefore conclude that the whistler

wave power required to drive the field reversal is 600kW. For Y > 2,

equation (7) shows that the whistler wave would not propagate beyond a
19 _3

density of 2 x 10 m. which is consistent with the wave energy only

driving currents near the reversal point. The large value of n llwould

guarantee that the whistler branch was excited, since no other wave has

such a large value of n.

Two further points concern the choice of frequency and the method of

• launching. With regard to the frequency the only fundamental restriction

is that it should be below the electron cyclotron frequency. Otherwise,

• from the point of view of the space available to the launching system the

higher the frequency the better Thus, a frequency of 1.05 GHz would
16 -3

propagate above a density of 1.4 x 10 m. and a frequency of 2.1 GHz
16 -3

above 5.5 x 10 ,-.

The launching of a wave with such a large value of n n(we assumed

n u = 20) is evidently one of the main technical problems. Presumably a

phased wave guide array similar to that used in lower hybrid heating could

be used. The array would of course be arranged to couple to the poloidal

electrlc field with the wave guide array turned on its side compared with

the lower hybrid case. The coupling can be made from the low field side.

4. THE APPLICATION OF WRZSTLER WAVES ZN TOKAMAKS.
i

In view of the above discussion for pinches it is apparent that

whistler waves might have some application in tokamaks. Since the

magnetic field is much larger in a tokamak a frequency correspondingly

lower than the electron cyclotron frequency would need to be chosen in

order for the wave to propagate reasonably near the plasma edge. Thus, for

a magnetic field of 2.5 tesla a frequency of 7GHz would propagate above a
• 17 -3 18 -3

density of 6 x 10 m and a frequency of 14GHz above 2.4 x 10 m.

The excitation of n i well above I + (Y -I) should ensure coupling

" to the whistler wave since the X - mode refractive index must be less

than the above quantity.
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Once launched, the whistler wave is able to propagate to higher

densities depending on the value of n u. Thus for n I values of 3, 6, and 8

a frequency of 7GHz and magnetic field of 2.5 tesla the densities at which
20 -3 20 -3

the turning point occurs are 1.1 x 10 m. , 5.2 x 10 m. and 9.4 x
20 -3

10 m • Clearly, the whistler wave would easily penetrate to the centre

of a high density tokamak.

Under such high density conditions the whistler wave would be able to
20 -3

heat the electrons by electron Landau damping. For a density of 10 m. a

magnetic field of 2.5 tesla and nl_8 the electric field polarizations are

E l Ix
--- = 0.0044 i , _ " 0.12E E
Y Y

This polarization is therefore consistent with a strong interaction with

thermal electrons. In order to appreciate the full potential of whistler

wave heating a ray tracing analysis would need to be carried out.

However, one advantage this scheme may have over lower hybrid heating is

that since the frequency is well above the ion plasma frequency no

transition from electron to ion coupling is to be expected, an effect

which has complicated current drive and electron heating with lower hybridF I

waves. L5]At the high densities which are accessible to the whistler wave

the ions would be heated indirectly, through collisions.

Current drive by means of whistler waves would of course be subject

to the same density and temperature scalings as other schemes. However,

due to Ats easy access to high density and the absence of any ion coupling

it may offer advantages at the higher densities which have proved

difficult for lower hybrid current drive. The possibility of influencing

the current profile by choosing lower values of n as _Iscussed for the
!

reversed field pinch is more difficult in the tokamak case due to the much

larger magnetic field. However, for a dense, hot tokamak it might be

possible to position the turning point at specified radii off centre and

to drive electron currents there. Again a detailed ray tracing study of

this point needs to be carried out.

5 • CONCLUSZON,,

We have considered how the whistler wave may be coupled at the plasma

edge (from the low field side) obliquely to the magnetic field so as to
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reach the central regions of a toroidal discharge. A turning point which,
2

for n 2. >>I, occurs at a density which is proportional to nll was noted.

This allowed the interesting application of driving the Poloidal current

in a reverse field pinch in the field reversal region and hence of

supporting this reversal. The power required to do this was estimated to

be approximately 600kW assuming a density and temperature in the reversal
19 -3

region of 10 m. and 100eV. If the density in this region could be

lowered or the temperature raised (or both l) then the required Power would

be less.

For the higher magnetic fields present in a tokamak we have also

shown how the whistler wave could tunnel through the edge plasma to reach

very high densities. The whistler _ve is supported by the electrons and

for w<<Q is damped by electron Landau damping due to the presence of ae

significant fraction of Ell. In both pinch and tokamak applications large

. values of n are required to ensure coupling to the whistler _ve, _ 2011

for the pinch and 3 - 8 for the tokamak. Thus, for a magnetic field of

2.5 tesla and a frequency of 7GHz a whistler wave would propagate for
17 -3

densities above 6 x 10 m. and would be able to reach densities between
20 21 -3

10 and 10 m. depending on the value of hl{.
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• Varian Gyrotronsfor

ElectronCyclotronHeating Applications

H. Jory

Varian Associates, Inc., Palo Alto, California 94303, USA

Varian has developed and manufactured a wide range of high-power

, gyrotron oscillators for use in electron cyclotron heating applications

in magnetic confinement fusion devices. Gyrotron oscillators capable

of generating 200 kW CN have been developed at frequencies of 28 GHz,

35 GHz, 56 GHz, and 60 GHz. In addition, 200 kW, 40ms-lOOms pulse tubes

at 28 GHz, 53 GHz, 60 GHz, and 70 GHz have also been delivered to various

fusion laboratories. Host recently, a 70 GHz, 200 kW CN tube has been

designed and is currently being tested. The design of the different

tubes will be discussed and recent operating experience with the various

tubes will be summarized. Prospects for future millimeter wave power

sources will also be outlined.
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I I

Progress on the Varian 140 GHz Gyrotron

K. Felch

Varian Associates, Inc., Palo Alto, California 94303, USA

The development of 140 GHz gyrotron oscillators, capable of genera
ting power levels of I00 kW CW, is currrently in progress at Varian.

The tubes are designed for operation in the TEo031 cavity mode with the
electron beam situated at the second radial maximum of the electric

field in the cavity.

The first experimental 140 GHz tube employs a simple tapered TEQ31
cavity, and a magnetron injection electron gun which has nonlamlnar
electron trajectories. Pulse tests on the tube have yielded power
levels in excess of I00 kW with efficiencies of about 28% in+the desired

TE°031 mode at 140 GHz. Emission in the TE°231 mode at 137 GHz and the
TE°62 ] mode at 161 GHz has been observed witfi similar power levels and
eff[c[encies by tuning the gyrotron magnetic field. CW tests of the
first tube are currently underway. Measurements of the power lost in
the cavity walls and the temperature of the output window will be made
as the tube is brought into full CW operation.

The results of the pulse and CW tests on the first tube will be
presented and the salient features of succeeding experimental 140 GHz
tubes will be summarized. In addition, the possibility of operating the
tube up to power levels of 200 kW will be addressed.

The 140 GHz gyrotron oscillator is being developed under contract with
Lawrence Livermore National Laboratory, operated by the University of
California for the U. S. Department of Energy, under Prime Contract
W-7405-F_G-48.
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" Varian Gyrotron Production

and ReliabilityImprovementProgress

L.J. Craig

Varian Associates, Inc., Palo Alto, California 9_303, USA

Varian has developed, manufactured and shipped more than 80 high

, power gyrotrons, 8 for use as design vehicles and 72 for electron cyclo-

tron heating applications in magnetic confinement fusion devices.

These microwave power sources operate at frequencies ranging from 28 GHz

to 140 GHz, typically at 200 kW pulse or CW. The relatively small total

number of gyrotrons made, their different frequencies and configura-

tions, and the fact that they are more developmental than production

devices makes for sparse failure rate data directly usable for

reliability predictions. Nonetheless, gyrotron users are universally

interested in quality performance, high reliability and long tube life,

ali at affordable prices. However, despite the seeming contradiction,

there are some reliability improvements that can be incorporated to

achieve extended MTBFs without greatly increasing the cost of these

tubes. The approach to implementing these reliablity improvements will

be presented.
t
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Researchon High Power,CW RelevantGyrotrons

at the Naval ResearchLaboratory

M.E. Read and R. Rh_uewlne

Naval Research Laboratory, Washington, D.C. _0575, USA

Tlle NRL program on high power gyrotron has focussed on the development of

concepts for realization of megawatt gyrotons with frequencies in excess of
I00 GHz and for use in lower power/frequency gyrotrons being developed in

industry. In the first category fall the quasi-optical gyrotron and

whispering gallery gyrotrons. In the second category are the complex cavity

and TEl,n gyrotrons. Present emphasis is on the quasl-optical and TEl,n
gyrotrons. These are discussed briefly below.

Quasi Optical Gyrotron

The Quasi Optical gyrotron consists of an optical resonator with its axis

aligned perpendicular to the direction of beam propagation (see Figure I.)

The resonator can be very large, with correspondingly large mirror surfaces,

allowing ohmic losses to be kept low (< IkW/cm) for even multimegawatt devices

at frequencies above I00 GHz. In addition, the geometry allows seperation of

the microwave output and the collector, thru avoiding conflict in dimensional

requirements.

A QO gyrotron with a small cavity (mirror radius ffi2.5 cm, separation = 4

cm, radius )of curvature = 146 cm) has been operated at NRL and previously
reported. (i

At frequencies between 110-120 GHz, a maximum output efficiency of 11% was

achieved and a maximum output power of 80 kW. Diffraction losses of 60% were

calculated, indicating an electronic efficiency of 18%. Single mode operation

was obtained as was expected since the spacing of the longitudinal modes 2c/_

was approximately equal to the 3% bandwidth of the instability.

The large mirror system has been fabricated and is shown schematically in

Figure 2. The output is coupled out via an azimuthal slot, with a coupling of

approximately i%. The output is focussed to a near Gausian beam by a

cassegrain antenna. The electron beam is formed by a magnetron injection gun

producing a 10A beam with an energy of 70 kev

Testing of the large mirror quasi-optical gyrotron is expected to

begin in the spring of 1986.
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TEl, 3 Gyrotron

TEl, n Gyrotron modes appear useful in that the cavity can be configured to
• suppress other modes, thus allowing the use of high order modes. The

suppression is accomplished by axial slots in the cavity.

For modes with n < 3, there is enough separation between the modes so that

for beam voltages less than ~ 100kV, good single mode operation can be

reasonably expected even without slots. As a first step in research on TEl,n
modes, NRL has performed an experiment using the TE l 3 mode.

Description of the Experiment

The cavity used was essentially of conventional design, with a .8° input

taper to improve efficiency and reduce mode conversion at the input. The

length was approximately 2.4 cm, or 6.8 wavelengths. The output was formed by

a double taper, which was used in piace of a simple taper in order to reduce
mode conversion.

The electron gun used was one that was originally designed (2) for use

, with a TEo,I, 35 GHz gyrotron. In order to match the beam radius to that of

the second radial peak of the TEl, 3 mode at 85 GHz, the magnetic field

compression ratio was increased from 6.7 to 12. The re_$ting beam was
" modeled with a gun analysis code developed by Herrmannsfeldt _ J. The gun was

modeled with a cathode voltage of -55 kV to -70 kV and beam currents of up to

i0 A. With a ratio of perpendicular to parallel velocities of 1.5, a spread

in parallel velocities of 5.8% was predicted. From previous cavity studies,

this spread was not expected to significantly affect the gyrotron output.

The output window was of BeO, in a (circular) pillbox configuration.

The thickness was I wavelength, having a calculated reflection of ~ 2% at
84.85 GHz and ~ 4% at 85.85 GHz.

Measurement of the frequency was made via a commercial wavemeter, with a

resolution of approximately I0 MHz. Measurement of the power was made using a

water calorimeter. This device was calibrated at 35 GHz (there being ilo

source available at 85 GHz with adequate average power). This was not fully

satisfactory, since the calibration apparently included losses of

approximately 30%, which cannot be extrapolated to 85 GHz with any

certainty. Therefore, the measurement of the output powers obtained are given

as preliminary estimates.

Experimental Results

Significant power was observed at 83 + .2 GHz, 84.85 + .05 GHz, and

. approximately 86.95 GHz. This is shown in Figure 3, as are the expected
frequencies. The center group of frequencies correspond well to those

expected for the TEI q 1 mode, and it was for this operating range that the
highest power and mo_t' stable operation occurred. The upper frequency appears

" • to coincide with the TE. 3_3 mode. The selection of this mode over the
TEI.3, 2 may have been d_ o a window resonance and/or gain in the output
guide_ (The uniform magnetic field extended for approximately 15 cm past the
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end of the cavity output.) The origin of the lower band of frequencies is

unclear. No radiation was observed corresponding to the TE7 1 mode, as
expected, because of poor coupling due to the beam. Somewhat surprising was

the lack of power at 79.6 GHz, where the TE 3 2 mode was expected, o

The currents for which strong radiation was observed, as a function of

magnetic field, is shown in Figure 4. (The points are discrete only because

they represent individual observations.) As can be seen and as expected, the

84.85 GHz points lie almost exclusively above the theoretically predicted

starting currents for the TE l _ I mode. (The starting currents and
efficiencies discussed below were 'c_Iculated by using a code in which the beam

electron energies were numerically integrated along the particle orbits.)

The power observed at 84.85 GHz is shown in Figure 5, along with the

theoretical prediction. A maximum power of 285 kW was observed, using the

calorimeter discussed above. This is compared to a predicted power with a

current of I0 A of 350 kW. For this frequency range, a maximum efficiency of
43% was observed, as compared to a theoretically predicted value of 50%. At

83 + .2 GHz, and 86.85 GHz, typical powers were 50 and 150 kW, respectively.

l

i0 MW Gyrotron

In addition to the 85 GHz device, a very _gh power TEl, 3 gyrotron is
being developed to produce radiation at i0 GHz. ( The specifications of the

gyrotron are given in Table I.

Because of the high voltage used ( ~ 240 kV), short cavities are required

for good efficiency. The short interaction lengths result in relatively wide
interaction bandwidths, and increased mode competition. To suppress the

competition, in this case from the TE 3 2 mode, a cavity with 2 axial slots may
be required. Such a cavity will be'incorporated as a second stage in the

development.

The electron gun, which is a single mode MIG, is shown schematically in

Figure 6. The gyrotron as a whole is shown in Figure 7.

Testing of this device is expected to begin early in 1986.
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TABLE 1

Summary of Gyrotron Designs

TEl, 3 TEI,4

Frequency I0 GHz IO GHz

Gun Voltage 240 kV 240 kV

Beam Current Nominal 158 142

Maximum 250 250

Output Efficiency

at nominal current 31%* 28Z**

at maximum current 33% 30%
D

Output Powerw

at nominal current I0 MW I0 MW

at maximum current 14.7 MW 16.9 MW

Polarlzat ion linear

Pulse Length 1 US - I00 Us

Duty Cycle < 10-3
ism.

Maximum Average Power I0 kW

Includes the effects of mode competition, potential depression, and

velocity spread.

• ** Includes the effects of potential depression. Velocity spread is

expected to be unimportant. Mode competition will be severe without

suppression.
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120 GHz QUASI-OPTICAL GYROTRON
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Figure 1. Schematic of the large cavity NRL
quasi-optlcal gyrotron.
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Figure 2. Schematic of the quasi-optical resonator and
cassegrain output.

282 EC,-5 SAN DI:EGO. NO_E/:L 1985



W I
63 z .2 14.85 z .05 6.05

'o,°,"'l'- _(-_!!

- M.7| n " 1
eS.?2 n - 3
6.97 n ,, 3

TE3.2 TEl.&1 TEI.U TEt._.3

l"f"iiI I i I , 1 A i J
79 II0 01 12 83 M 05 lie 67

EXPECTED FREOUENCIES (GHz)

Figure 3. Measured frequencies compared
to expected frequencies.

8.0 o •

7.0 @ •

3.0 , @
------ THEORETICAL I @

e EXPERIMENTAL! @2.0

1.0 ' _ I l l I I l I _ --
32.5 33.0 33.5

B (kG)

' Figure 4. Current as a function of magnetic
field. The theoretical curve
is the starting current for the
TE

1,3,1 mode.

]30-5 SAN DIEGO, NOVEMBER 1985 283



.4O
°

2 -- 3.24 TESLA
.36 - 3 -- 3.2S TESLA

4 -- 3.27 TESLA
.32 - S -- 3.28 TESLA

6 -- 3.30 TESLA ) 33.2
.28 - ?- 3.31 TESLA

8 .-- 3.33 TESLAlm.

}: .24 - 9- 3.34 TESLA
33.o

uJ°: _9 - SOLID LINES -- THEORETICAL 32.9
DOTS-- EXPERIMENTAL • 32.8

o .le -
n. 33.4 ,_

.12 - e33.4 _ /

•08 -

.04 -

9
.00

0 1.0 2.0 3.0 4.0 s.o s.o 7.0 a.o e.o 10.0

I(A)

Figure 5. Power vs current at various
magnetic fields. Experimental
points are labeled in kG.

t

Figure 6. Schematic of the electron gun
for the TE 10 GHz gyrotron
(Imu= Imm :3 • "

284 EC-5 SAN DIEGO, NOVEMBER. 1985



Figure 7. Schematic of the i0 MW gyrotron.
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Prospectsfor HighPowerGyrotrons

K.E. Kreischer, B.G. Danly, H. Saito, 1 R.J. Temkin, and T.M. Tran 2
Plasma Fusion Center

Massachusetts Institute of Technology, Cambridge, Massachusetts 0P.139, USA

ABSTRACT

In this paper, the prospects for high frequency gyrotrons capable of output powers in

excess of 1 MW will be examined. Gyrotrons capable of such powers could dramatically

reduce both the complexity and the cost per kilowatt of sn ECRH system. A general-

ized design study of gyromonotrons has recently been completed that indicates that cw

gyrotrons capable of MW powers and high efficiency are consistent with the technological

constraints of the device. Among the constraints that were considered were ohmic losses

in the cavity walls, voltage depression of the beam, and efficiency reduction due to space

charge forces. The design parameters of 1 and 10 MW, 120 GHz monotrons have been

determined. Both designs have total theoretical efficiencies in excess of 40%. It was found

that, as the output power is increased, the cavity length and radius become comparable.

As a result, megawatt gyrotrons may exhibit operating characteristics that are different

than those of lower power devices.

Experimental research at MIT in support of the development of high power gyrotrons

will be described. A gyrotron operating with a minimum diffractive Q cavity has recently

been demonstrated. Quasioptical techniques have also been used to efficiently convert

the output radiation of a gyrotron operating in a surface mode (TEe,l,1) into a linearly

polarized, Gaussian-like beam. Theoretical investigations of multiple cavity devices, such

as gyrotwystrons and gyroklystrons, have also been conducted. An ECRH system based

on megawatt gyrotrons will be described and compared with alternative plasma heating

techniques.

I Permanent address: Institute of Space and Astronautical Science, Tokyo, Japan, 154
2 Permanent address: CRPP, Association Euratom-Confederation Suisse, EPFL, 21,

Av. des Bains, CH-1007 Lausanne, Switzerland
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. 5-10 MW_ 120 GHz Gyrotrons

• ECRH isan attractiveheatingtechnique

Gyrotronsareisolatedfrom reactor

Localdepositionofpower

Simpletransmissionsystem

Efficientcouplingtoplasma

" • Emcient, multi-megawatt operation is consistent with the
. major constraints of the beam and cavity

• Multi-megawatt gyrotrons appear competitive with alterna-
tive heating sources

Low recirculating power

Modular

Simple launching structure

Similar power supply

• Short pulse experiment is recommended to investigate unre-
solved issues (eg., mode competition)

9
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P

i

Parameter Design Value

l(A) 28.7

_T (_) 43.5

/3j. 0.44

_ll 0.22

F 0.091

tt 15.1

Minimum t,,mp 18.9

A V/V (o_) 2.2

IMAX (A) 115

R, (eta)

g/ ,_ 0.085

Js (A/cre 2) 1190

QT 365

Bo (T) 4.7
i

Table I. Design parameters for a 1 MW, 120 GHz, gyrotron with a

symmetric Gaussian axial field profile and Vc=80 kV.
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I

The 120 GHz Quasi-Optical Gyrotronat

the Centre de Recherchesen Physiquedes Plasmas

M.Q. T_an and the Quasi-Optical Gyrotron Development Group
Centre de Recherches en Phyaique de8 Plasmas

Association Euratom/Con/_dtration Su/ssc
Eeole Pol_eehnique F_dtrale de Lausanne

,_I, Av. des Bains, Gtt-1007 Lausanne, Switzerland

I) ID_rI_DEX._Cl'ION

In the framework of the European programme on gyrotron develop-

ment, the Association Switzerland/Euratom, in collaboration with the

Electron Tubes Department EKR of BBC Brown, Boveri & Co. Ltd., is

developing a quasi-optical gyrotron at 120 GHz and with a power level

of about 200 kW. In this report, the status of the project and its

major stages will be discussed.

II) THE DEVELOPMENT P_

In the fall of 1983, approval for the development of a 120 GHz,

200 kW quasi-optical gyrotron programme has been granted. Three

different stages are foreseen.

- A first experiment shall be performed with a small (5 cre)quasi-

optical resonator. Pulse lengths will be limited to less than 100 ps

due to the excessive thermal loading on the mirror (>>I.5 kW/cre2). The

short pulse length also allows us to use radiation cooled mirrolcs and

collector.

- A larger resonator (36 cre)will then be tested, lt will be water-

• cooled and designed to sustain pulses as long as 100 ms.
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• - Finally, in order to improve the efficiency, we shall implement a

prebunching resonator to investigate the concept of the quasi-optical

• gyroklystron.

Global electronic efficiency of about 30% is expected in the

first two stages, while it could reach 40% in a quasi-optical gyro-

klystron.

III) DESIGN OF THE QUASI-OPTICAL GYROTRON

a) _Design consideration

Tne exploratory nature of the programme and the configuration of

the resonator lend themselves to an approach using a test stand

(Fig. I) and not to the fabrication of successive generations of a

- prototype. _he two main elements of the test stand are:

" - a set of superconducting magnets consisting of a pair of split

coils and a bucking coil with a warm bore and spacing;

- a large diameter (40 cm) vacuum vessel where different resonator

configurations could be easily exchanged or modified.

In the design of all the components, the guidelines are their

flexibility and the diagnostic possibility. The Electron Tubes Depart-

ment of BBC is responsible for the design and manufacture of the

magnetron injection gun, the beam duct, the resonator and the collec-

tor. Other components of the test stand (magnet [I], vacuum vessel)

and the ancillary systems (high voltage (HV) power supply, HVmodula-

tor and regulator, liquid Helium liquefier-refrigerator) %_re subcon-

tracted to European manufacturers. All the different items have been

completed and cfm_issioning is underway.

b) Characteristics of the first stage quasi-optical gyrotron

A detailed technical description of the quasi-optical gyrotron

• can be found in reference [2]. We shall only recall here the most

salient features of the devices.
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The electron gun is a conventional triode magnetron injection

gun, capable of delivering 10A at 70 kV. The beam radius at the re-

sonator is 2 mm and the ratio P_-/Pll is about 1.5 at a compression

ratio of 20. The high voltage insulation is provided by an SF6 hood:

It was also found that the temperature distribution along the various

ceramic parts of the gun is adequate and thus no further cooling

required.

The first resonator system is confocal and has a mirror separa-

tion of 5 cm. The Fresnel number N is 0.722, leading to a total

diffraction loss of 2%. Variation of the mirror separation (+_ 5 mm)

and centering of the resonator with respect to the electron beam axis

is possible under high vacuum with a tolerance of a few microns. The

power is coupled out by diffraction at the two mirror edges into a

2.5 inch diameter cylindrical waveguide.

The gyrotron operation depends critically on the magnetic field

profile in the interaction region. The specification of the split coil

system calls for the possibility of producing a field gradient of

about I% per (_n in the interaction region [I]. The bucking coil

carries two independent windings so that the field and its gradient at

the cathode can be independently adjusted to optimize the ratio

pZp,,•

IV) CONCLUSION

While the quasi-optical coi_cept bears many promising advantages

[3,4], its development is only at an early stage compared to the one

of cylindrical cavity gyrotron. The design of our system is aimed

principally towards the study of the key questions such as efficiency

enhancement by the gyroklystron concept and longitudinal mode

_tition [5].
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Design and First Experimental Results

of Componentsfor ERCH at Thomson-CSF

A. Benshimhon, P. Garin, E. 3edar, G. Mourier, A. Thevenot
A88ociation Euratom-CEA sur la Fusion, DRFC, CEN

Bo£te Postale No. 6, 9_60 Fontenay.auz.Roses, France

100 GHz Gyrotrons*

DESIGN

The main requirements are: 100 GHz, 200 kW mh, 100 ms (CW in a subsequent

stage), efficiency 30% rain.

Tolerable cavity wall losses, the design of the gun (mirror ratio, cathode density),
mode competition led us to a complex cavity TE02/TE04 with beam on second electric
field maximum.

A TEss profiled cavity was also calculated.

The tube has a single disc window with peripheral cooling.

EXPERIMENTAL RESULTS

Three tubes were built with complex cavity. Ali delivered more than 200 kW,
35% efficiency TE04 without spurious oscillation on TE24 and probably less than 5%
spurious mode.

One tube was tested up to 10 ms, 150 kW, and 20 ms, 100 kW without failure.

One tub_. was built with TEss cavity. It delivered more than 280 kW in short

pu = (1o0

There is concern about beam interception, actual wall losses and window stresses.

60 GHz TransmissionLines**

Three transmission lines consisting in tapers, mode convertors (TE02 ---, TE0z,
TE01 --, TElz), corrugated curves, mode filters, arc detectors were built. m

They work satisfactorily on Tokamak de Fontenay aux Roses with Varian gy-
rotrons: 3×220 kW were injected in plasma for 100 ms pulses.

* Work sponsored by Euratom
** Work sponsored by CEA
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TechnicalAspectsof the JointFOM/CEA
ECH ExperimentonTFR

A.G.A. Verhoeven, A.F. van der Grift, J. de Hoop,
M. van der Kaay, L. Kroonenburg, A.B. Sterk

Aaaociation Euratorn-FOM, FOM-Inatituut voorPlaamafyaica
Ri#nhuize., Nieuwegein, The N..therlanda

and

J.P. Cremz, L. Rebu_, B. Touraenc
Aaaociation Euratom-CEA aur la Fuaio., DRFC, CEN

Bofle Poatale No. 6, 9_260 Fontenay-auz-Roaea,, France

1. ABSTRACT

For electron cyclotron resonance heating, three 60 GHz gyrotrons

each capable to deliver over 200 kW of microwave output power are in use

since September 1985 on the TFR tokamak at Fontenay-aux-Roses.

Recent technical improvements on the hlgh-voltage power supply, on

electronic systems used to modulate the RF-power, injected into the plasma,

and on the transmission line systems are described.

2. INTRODUCTION

An electron cyclotron heating experiment on the TFR tokamak has been

undertaken by the EUR-FOM and the EUR-CEA Associations. The main physical

aims of this experiment are: local heating of the bulk electrons,

experimental investigation of a proposed current drive scheme by EC-waves,

plasma formation and control of MHD-instabillties [1,2]. The installation

of the ECH-system on TFR started in January 1984. The first gyrotron

arrived at FaR in September 1984. It unfortunately broke down during the

final acceptance test because of too long "idling" (beam current without

RF-output, see chapter 5). Beam deposlt tests have been done on the second

gyrotron in November 1984 to try to understand the reason of the failure

and to take protective measures. In February 1985 ali three gyrotrons were

accepted and was the system ready for pulsing.

The transmission llne system, built by Thomson CSF is made up of

three transmission lines, each connecting one gyrotron to the same TFR port

[3]. Similar transmission lines were manufactured already for ECH

• experiments [4,5,6 ]. Presently, two microwave beams are launched

perpendicularly to the toroidal magnetic field and one with an angle of 160
(limited by the TFR geometry) with respect to the others. The length of

each transmission line is about 15 m. The complete system is operating

since September 1985. The 3 gyrotrons deliver each around 220 kW RF-power

during a 100 ms pulse.
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3. POWER SUPPLY
6

The high-voltage power supply of the 3 gyrotrons is a transformer-

rectifier unit delivered by Alsthom, France. This transformer-rectifier,

connected to the 20 kV network, enables the delivery of a voltage up to 100

kV during a pulsed current of 40 A [7].

A modulator-regulator unit, supplied by Universal Voltronics Co.,

U.S.A., delivers 80 kV to each of the gyrotrons. A series tube stabilizes

the output voltage within + 0.25% of the desired value and enables to pulsem

the gyrotron collector-cathode voltage. In case of a fault at the output of

the modulator-regulator the series tube will interrupt the output current

within a few microseconds. If the fault does not disappear an ignitron

crowbar will short-circuit the high voltage power supply.

For each of the gyrotrons a separate anode-modulating system con-

sists of a zener stabilizer fed from the collector voltage (see Fig. 3. I).

Two pulsethetetrodes ]"']'_vo_,,_ '"..... 1

zener- . i,oII

stack are

short-circultlng I
the zeners in _ __.

case no gyrotron i _-_

output is requir- ,oo___ -

ed. The foreseen

way of operating

the gyrotrons was

, .first tube in
order to raise

the anode voltage 31_----
of the gyrotron

to a level just Fig.3.1 Theanodemodulating system
below the RF-output condition at almost full beam-current: the RF-standby

situation. By switching the second tube the anode voltage should step to a

higher level to obtain optimal oscillating conditions. However, very soon

after the beginning of the experiments it became clear that the time during

which the beam is switched on but the gyrotron is not generating RF-output,

had to be restricted severely (see chapter 5). This "IDLING"-tlme is now

limited by means of a protection system.

Due to warming up of the zener diodes, a slight variation of the

_node voltage (< I%) has been observed. To avoid this, the zener diodes

were replaced by temperature compensated zenerdiodes. Further a power
mosfet was placed in parallel to each of these zenerdiodes. In this

situation only I mA is flowing through the zeners and therefore the warming
up is drastically limited. As a consequence the series resistor of the
zener stack could be decreased from 2M_ to 400 Ra. As a result the rise

time of the anode voltage is decreased. A reduction of the delay time be-

tween triggering of the first anode tetrode and full RF-output power from
approximately 225 us to 80 us has been obtained. This enables a faster

reaction to trigger signals. The "idling"-time is also reduced for each

pulse because the no-RF-time is shorter and therefore the number of pulses

(from zero to full RF-power) can be increased. The rlsetime of the RF-power

is further decreased from 10 us to 4 Us. The anode voltage variation R

decreased to 0.1% and ensured a more stable RF-output.
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4. CONTROL AND DATA ACQUISITION

a

The status of all important control units and security circuits is

transferred by means of fibre optic links to a microprocessor system. When

all the units are ready the microprocessor enables the start of the _ime

Sequence Generator (TSG). The TSG supplies timing pulses - with a resolu-
tion of I us - to the power supply, to the modulator, and to each of the

anode voltage switches separately. For conditioning of the gyrotrons it is

possible to pulse with a duty cycle of I%. For pulses to the plasma the TSG

is either triggered at a preset time after the start of the TFR plasma or
at the moment a trigger-signal is received from the plasma.

To measure fast varying signals CAMAC analog-to-dlgital converters,

are used. A PDP11/23 + computer system is used to process this data and for

communication with the TFR-SOLAR computer. For direct communication between

the laboratory in Holland and the computer at the experiment in France a

switched package data network (Datanet I - Transpac) is used. Inside a

screened cage most of the electronic protection systems are housed, e.g.

the Arc detector _nterrupt Module (AIM). The coupling to the gyrotron
installation is by means of fibre optics to avoid electromagnetic
interference.

The inputs for the AIM are four arc detectors and one reflected RF

power signal from each of the transmission lines. As soon as one of the

. inputs is active, the gyrotron will shut down within 2 _s. After a short

clearing time the gyrotron is switched on again. In case of a new fault it

is switched off again. This goes on for a preset number of times. In case

more gyrotrons are in use simultaneously, only the faulty one is switched

off [8]-

5. BEAM DEPOSIT TEST

The first gyrotron was accepted at Varlan's factory in June 1984.

However, at the end of the final acceptance test at Fontenay-aux-Roses,

witnessed by the manufacturers test-engineer the gyrotron broke down. A
hole was burned in the collector wall. This happened after seven pulses of

100 ms each, during which the beam-current was switched on but no
RF-radiatlon was emitted. This is the so-called "idllng"-mode. The

explanation of this breakdown is most probably as follows: If the gyrotron

is operated in the "normal" RF-producing mode, the energy of all the
electrons is almost the same (- 80 keV). After interacting with the

RF-field the energy of the electrons will vary a lot more and therefore the

electron beam will be spread over an appreciable length in the collector.

The spread-out of the deposition depends on the profile of the magnetic

field of the superconducting coils (II, I2 and bucking coil I5, see Fig.

5.2). To protect the output window permanent magnets (nr. 8 and 9, see Fig.

5.2) are placed around the collector and very strong permanent magnets (nr.
6 and 7) close to the window, to bend the last existing electrons to the

• wall.

If no RF is generated the spread of the electron energy is much less

and therefore a more localised deposition of the electron beam can be

. expected. Furthermore, the normal RF output power of approx. 220 kW has to

be dissipated as weil.
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Extensive beam deposit tests have been performed on the second

gyrotron, in collaboration with the manufacturer. By measur ing the

temperature as a function of time at several places on the collector wall,

(using a curve of the thermal capacitance as a function of position at the

collector) it was possible to determine the power deposited per cm 2. These

tests were done with 10 ms-pulses with collector cooling switched off.

Measurements were taken at six places in the length of the gyrotron, and

on four circular positions (north, east, south and west, where east is the

direction in which the electrons are bend by the permanent magnets). The

result was a prohibitively high energy density of more than 2 kW/cm 2 in
the east direction, close to the window.

| ,,

2"0 1 i i =

Io=-1.5A
-,, 1.5 ..-- ' -

After installing an extra o...... m",

...=t.o...-..-.solenoid (hr. 10 in Fig. _ 1.0 .';;;;
5.1 ) with a current of ._ • ._t,as....,,

( _. • s,,'*S'I.5 A and a magnetic o .o_F, •

field opposite to the i 0.51_ _ _'.,,,as,..,,ooas.•

main coils I and 2 the

tests were executed a- 0.0

gain. 0 4 8 12 16
This resulted in Fig.5.2 _ posltlon (inches]

Fig. 5.2 where the de-

posited energy density is

given as a function of

position at the collector. Although the energy density at the right hand

side of this figure is reduced, it is still very high. Because of the

position of the collector cooling water outlet it was not possible to

measure further to the right where the maximum power density might be

suspected. Close to the window the power density at the east side of the

collector is for the "idling" situation almost twice as high compared with

the "RF-on" situation (see Fig. 5.2).
From these tests Varian concluded that is is necessary to limit the

idling time to 30 ms. An electronic protecting unit is now in use, which

normally limits the idling time to 3 ms.
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b

6. GYROTRON OPERATION

The RF power of the gyrotrons has been measured as a function of

magnet currents, beam current and anode voltage, through a waterload
mounted directly on top of the gyrotron. During normal operation the ECH

power is calculated from the beam- and magnet currents using the
measurements.

Since the idling time is limited the gyrotrons are usually pulsed by

swltching on and off completely - RF-power 0% or 100% - . Another
possibility is to have the step in t e anode voltage reduced to e.g. I kV

(see Fig. 6.1). In this case the

RF power can be modulated

between any desired percentage 250 i i , _
and the full level for

modulating frequencies up to 50

kHz. A 50 Hz ripple during 200

low-RF is caused by the fila-
ment-supply and the very steep

RF-power vs. anode voltage 150

. characteristic. To achieve a m
very high modulating frequency

it is possible to switch on the _ 100
. anode voltage again before it |

is completely switched off. 50
This enables a modulation of

the RF-power from 0 to 100%

with a frequency up to 100 kHz. 0

Even higher frequencies are 0 5 10 15 20 25 30

possible when modulating less

than 100% RF-power. Fig.6.1 _ t (ms)
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7. MHD-FEEDBACK CONTROL UNIT

Local heating outside the q = 2 surface can suppress the m = 2 mode

activity. In mode control experiments on TFR with one gyrotron a feedback

system was used that switches on the gyrotron in case the MHD-actlvity, as
derived from a set of Mirnov coils, surpasses a certain level [1,2]. To

enhance and improve this feedback system a new control unit is being
designed and will be installed in November 1985. The unit functions as

follows (see Fig. 7.1).

The signal from the plasma .---4 I
gyrotron I

- sequenc• I
is transferred into an m.2o*g..,---[_ I T _ ......l "---" .,._,o, I
optical signal with a I I =o..,,. II ----"

i I I comparltor I t "-----
frequency proportional to J t i i

the degree of /..rleelp.rlllll _ { _

'.gyrotron 1
on

disturbance At the first _v' oo..tT_' '
" disable L.____ anode Ipulse the first gyrotron __-- ?.°dh-ck

will start transmitting

RF power into the plasma, id_,,,,",c,ti I _I

In case the mode is t- ; _l- _ "°ot_°____"_
suppressed, the gyrotron i dl,,blet__-1 ,nod,2 .
will be switched off. If _ ,. iL_r, _ ,'..db,c--_
the mode activity remains

higher than a certain *,_" t I com..,.,o,li
disturbance t _ I _

threshold, the second _ I _ ]_ .ulee / lyrolron 3

gyrotron will be switched co.., i-._-- ..od. 3
on automatically. A very Fig.7.1 disable _ Teedb,,ck

high disturbance will

switch on the third gyrotron as w_ll. An anode feedback control is built in

to switch over to the next gyrotron either in case the 100 ms limit is

reached or the gyrotron is switched off because of another interrupting
action.

8. TRANSMISSION LINE SYSTEM

The output power of the gyrotron is delivered in an oversized

vertical cylindrical waveguide, mainly in the TE02 mode. The best physical

conditions for the absorption call for a linearly polarized beam, i.e. the

TEll mode, to be coupled to the ordinary mode into the plasma. The mode

conversion is made in two steps, first TE02 to TE01 to minimize the losses,

then, close to the end of the line TE01 to TEll. The sequence of waveguide

components in a line is listed in Table I. Note that there are slight

differences in sequence and performances, compared to what has been

previously reported [9]. Each llne has the same components but straight

waveguide lengths and bend angles are different.

8. I Components

The characteristics of the main components are given in this
section.

P

8.1 .I Wave_uide tapers: Their shapes are optimized to get a rejection of
33 dB on spurious mode (TE01 and TM11). The TE02 and TEll tapers are

respectively 800 and 1300 mm long.
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" 8.1.2 Mode converters: The theoretical efficiencies and lengths for the

TE02 to TEOI and TE01 to TEll mode converters are 98% for 6 AB and 96% for

8 AB respectively, AB being the beat wavelength of the two considered
modes.

TABLE I

From the output of the gyrotron: TE02 mode, ¢63.5 n_ each line is

made up of the following components:

Arc detector Corrugated bend

Bellow TE0i bidirectional coupler

Four holes coupler Bellow
Resistive filter Arc detector

Taper 63.5 to 27.8 mm DC break

TE02 bidirectional coupler TE01 to TEll mode converter

Corrugated bend Taper 27.8 to 63.5 mm
TE02 to TE01 mode converter Arc detector

Arc detector Vacuum window

Straight waveguide Waveguide antenna

" 8.1.3 Bidirectional couplers: The two selective couplers, respectively in
the main TE02 and TE01 modes, are used to interrupt the microwave beam in

case of a too high level of reflected power and to tune the gyrotrons to an

optimal mode purity using the backward wave output signal. Because of a too

large value of coupled non circular spurious modes, the TE01 bidirectional

coupler cannot be used to measure the incident power (see chapter 6).

The coupling coefficient is about 60 dB, and the dlrectlvity more than 20

dB. The spurious mode rejection, depending upon modes in the lines, is more
than 30 dB for unwanted circular modes.

8.1.4 Resistive mode filters: Only one resistive mode filter, close to the

gyrotron and made of silicon cai'blde as absorbing wall material, is used
for the time being. Its attenuations for the TE02, TEll and TM12 modes are

0.12 dB, 1.65 dB and 4 dB respectively. The second one, in silicon carbide

as weil, but with a 27.8 mm diameter, was first inserted between both

bends. Internal arcs occurred, preventing to enlarge 200 kW power pulses

beyond 30 ms. The same phenomena has been observed with all three lines.

This type of filter has been removed. A stainless steel smooth waveguide of

2 meter long is mounted in one line and causes no problems anymore. A
carbon filter will be tested soon.

8.1.5 Corrugated bends: The TE02 bends are 2.70 m long and have angles
between I01 ° and 118 °. The TE01 bends are 1.80 m long with angles between

20 ° and 64 °. Corrugations and curvature shapes are optimized for mode
conversion losses less than 0.1 dB.

8.1.6 Vacuum windows: The Varian beryllium oxyde vacuum windows are

designed for the TEll mode at 60 GHz. Cold tests have been carried out in
order to measure the transmission coefficient. This coefficient varies with

the frequency. On the other hand, all three gyrotrons do not emit their

• power at the same frequency. We choose the windows in order to match them

with the gyrotrons. In the operating frequency bandwidth, the transmitted

power is more than 97%.
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8.2 Antenna system

The antenna system, presently made of a circular waveguide, launches
the TEll mode from the low-field side of the torus. In the near future it

is foreseen to use as antenna a straight wal_. corrugated TEll to HEll

converter. Anyway, in the case of TFR, as shown in [I0], the HEll mode

would not improve very much the polarization and the pattern compared to

the TEll mode. Two types of reflector have been mounted on the inner wall

of the torus. The first was a smooth roof-top mirror angled at + I0 ° with

respect to the toroidal magnetic field. The second, a corrugated surface

twist reflector, with an angle of I0°, converts the beam fraction which is

not absorbed by the plasma from the O-mode to the X-mode polarization.

Behind this mirror, a system of three circular waveguides will be installed

to measure the incident beam intensity and polarization.

8.3 Radiometer

To obtain maximum performances from the gyrotrons, a fine control of

the magnet currents is necessary. The signals from the bidirectional

couplers and a radiometer (Fig. 8.3.1) are used to monitor the tuning of
the tubes.

A signal extracted from the trans- _-_,) _,"

mission line is mixed to a signal
delivered by a local source w, i _'_'_

oscillating at a frequency close i_ () "to that of the gyrotron. The beat vM._

signal is then sent into a

frequency spectrum analyzer. The _-,- _ : _ , _ : r_/_._'T.'_
optimal tuning, corresponding to = : _ "i_ ' _4" _-_-_c_ • -
a minimum number of arcs, is ,._, ,,,_ ,w

obtained when the frequency spec- F_ a)1

trum analyzer gives only one spectral line.
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8.4 Experimental results

Cold tests at works have been carried out, on all three lines,

without the vacuum windows. Overall efficiencles, n --output power in TEll

mode/input power in TE02 mode, of about 85% + 4% have been measured.m

The far-field pattern of the TEll mode radiated at the exit of the

line has been measured in the E plane and is shown in Fig. 8.4.1. The

result shows that spurious modes, mainly in side-lobes, are not very

important. On site, high power tests have been performed. Different line

configurations have been tested: Intlmmty_ dg

- in a temporary assembly, into a water load, .i/_°

with and without the vacuum windows, /l ""st I

- in the final assembly, including the

windows, with the vacuum chamber of the
TFR tokamak as a load.

The following comments can be made: II,

- full performances can be obtained only !I I_
with a very sharp tuning of the gyrotrons,

- under the same conditions, normal air in

the line allows to reach higher

performances than nitrogen gas.

- mode contents investigations have been

carried out using thermal paper. Only J" i -lS
qualitative information can be obtained. I "

! A_,I l --

-10 -S 0 .S .10 ¢k_',s

Fig.t.4.1: Farfieiclpatternof lh, TEflmodeat the
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Microwavesfor ECRH in Milano C.N.R. Laboratory

S.Cirantand G. F_ciasecca*

Instituto di Fb_a del Plasma

Associazione EURATOM-CNR, Mi_no, Italy

Asymmetric modes can be generated in a circular oversized waveguide

carrying circular eletric modes by reflections from a non-ideal load and

by conversion at non perfect transitions or inhomogeneities along the

line itself; even a small amount of power in these unwanted modes can

lead to an improper operation of the gyrotron and lower the power

capability of the whole system, so they must be suppressed by mode

selective filters.

The stronger finite resistivity effect on the attenuation for all non

circular TE modes is the basis on which resistive wall mode filters
o,q

used in ECH experiments (i) are built.

A different approach relies on the deposition of a thin layer of lossy

• dielectric on the inside surface of the guide metallic wall; again TE
o,q

modes are uneffected while the attenuation of all the other modes Is

. significantly increased (2).

The highest attenuation coefficient for some non TE modes has been

obtained with circumferentially corrugated stainless°_eel filters (3)

in which those modes are converted into surface waves, heavily dumped by

the specific wall structure.

The helix waveguide approach (4) analyzed here has at least one

advantage over all the other methods in the sense that the power into

non TE modes is not resistively dumped at the waveguide walls but it

is los%'%y radiation from the leaky guiding structure; thermal loading

of the inner surface with possible breakdown problems is then avoided.

Furthermore it is not mode selective; the attenuation coefficient is

substantial for all non circular electric modes, even if it can be lower

than that of the corrugated filter for some specific modes.

The helix waveguide can be described (5) by a cylindrical surface with

infinite conductivity alone the helix and zero conductivity

perpendicularly to it; the surface is surrounded by an infinite medium

characterized by a dielectric constant which can have a finite imaginary

part; by imposing the proper boundary conditions a characteristic

equation can be derived (6):

" J'2(koa)+i_k^J'(koa)Jp(koa)p--_up -_ 2_2 Jp2(koa)+p_tga Jp2(koa) = 0
1 k a _a_ 0

• *DipaxthnentodiElettronica,Informaticae Sistemistica,Universitadi
Bologna,Bologn_ ItM_
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2 2
__2 ; _= is the dielectric constant of thewhere ku 0

=_ _ 0 _ k2 2 _'- i_'_ijacket material; = _0_0_- a is the radius of the winding and '
a the pitch angle.

Assuming the pitch angle to be negligible the characteristic equation

can be solved with _' = 4 (fiberglass impregnated with epoxy

resins) and a/ A = 2.96. The real and imaginary part of the normalized
o

phase constants relative to some of the most important modes are shown

in Figs. la L_b. Allowing the tg_ of the jacket material to be in the

order of _ it turns out that 3 _" is much less than unity and a

minimum _ of the order of i0 is to be expected, which gives an

attenuation constant _" a6 dB/m, confirmed by the measure of the
insertion loss for the TE mode.

ii

Both straight waveguide sections and the TE02 - TEo-I mode converter
(Fig. 2) have been built with this technique, with a total length of 2 m

and an overall attenuation for non circular electric modes in the order

of 12 dB at least.

The predicted behaviour of the 5 A b mode converter, 6.42% ripple
amplitude, is shown in Figs. 5-6; the measure of the gain in the

conversion with increasing the converter length is shown in Fig. 7.

Mode purity and its measure is always a matter of concern in

transmission lines for E.C.H.; in the following a method to

quantitatively measure the power in circular electric modes at the end

of a line powered by a gyrotron is discussed. If conducting sheets are

radially inserted equally spaced in a circular waveguide a new set of

modes is generated; the number of sheets can be made high enough to put

in cut-off all modes allowed in the circular waveguide apart from the

circular electric ones.

In each one of the equal sectors in which the guide is divided the new

boundary conditions define the new set of modes:

TM p = r K/2 r = i, 2, ....
P,q

TE p = r K/2 r = O, I, 2, ..
P,q

2 2

correspondingly. _ =_ _0@0 -(X' /a) and _2=c_-e^_^-(X /a) , "where X

2

and X are respectively the q-_ roots of the _e_sel P_unction of order

p and its derivative. If. K is even the allowed modes have their

counterpart with those in the empty guide, while if K is odd a new set

of modes is generated.

We have built a component with 8 sectors about 30 A long, which is in
o

cut-off for all the following empty waveguide modes:
J

TE p _ O, 4, 8, 16 ; p = 17
P,q

TM p _ 4,8 ; p _ 16 '
P,q
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b

In practice all spurious modes of interest are reflected at this mode

selective mismatch placed at the end of the line before the water load,

" their power being dumped by the distributed filtering of the helix

waveguide sections.

The insertion loss of this component has been measured at full

gyrotron's power to be ii%, _5%; on the other hand low power tests have

shown that this component doesn't affect the radiation pattern of the

TEoI mode (Fig. 3) and it can be concluded that the final polarizing
antenna used to launch O-waves into the plasma is illuminated mostly

with a TEo1 mode, the spurious mode content being in the order of 10%.
The Wengenroth-extended polarizing antenna (Fig. 4) is composed by ten

flat corrugated mirrors arranged in order to approximate a parabolic

surface; the resulting half maximum beam-widths are 6.80 and 9.2 °

respectively in the E and H planes; the cross polarization is at least

20 dB down, giving an efficiency in converting the waveguide TEoI mode
into a single polarized beam in excess of 95% (Fig. 8).

Future work will consider a mode selective sectoral mismatch for all

non-circular electric modes, bends in a corrugated waveguide carrying a

TE02 mode, mode selective directional couplers, improved versions of the
polarizing antenna and the study of a 140 GHz transmission line.

" As far as the very high frequency development program is concerned

firstly the possibility of building TE^. - TEll mode converters in a
small radius evacuated waveguide will b_±evaluated, the potentialities

of gaussian beam propagation will be explored and the limits will be

investigated in launch pure gaussian beams with high efficiency by

polarizing reflectors•
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" Optimizationof Wall Perturbations

in RippledWall Mode Converters

for OvermodedCircularWaveguide

M. Thumm, G.A. Mfiller,R. Wilhelm

Inotitut /gr Plagrna[oraehung, Uniuergit_t Stuttgart
D-7000 8tutgart 80, Federal Republie of Germany

ABSTRACT

Considerable improvement (higher efficiency, shorter length) of periodic-

perturbation mode converters for overmoded circular high-power waveguides

has been accomplished by changing the perturbation period of the wall

slightly from the beat wavelength between the input and the desired output

" mode combined with superimposing additional, phase-matched, small perturba-
tions, whose periods correspond to the beat wavelengths between the input

and output mode and their related, strongest coupled unwanted modes, respec-

" tlvely. Numerical calculations and measurements on optimization of wall per-

turbations in TEOn-to-TEO,n-1 mode converters and TEO1-to-TE11 transducers
for the I MW-ECRH system (five 200 kW/70 GHz-transmisslon lines with cw ca-

pability) at the Garching WENDELSTEIN VII-AS stellarator are reported. In
the case of TEO2-to--TE01 transformation a maximum theoretical efficiency of

n = 99.7% (99.5 ± 0.5% measured with an 8-period converter, transducer

length L = 0.87 m, average inner radius ao = 13.9 mm) was achieved by means
of rippled wall mode converters with axisymmetric radius perturbations

(superpositlon of a second harmonic period to the main period). Conventional
TEO2-to-TE01 mode converters with simple perturbation structures exhibit

conversion efficiencies of approximately 99%. More significant is the obtai-
nable efficiency improvement in the case of TEO1-to-TE11 mode conversion in

transducers wlth constant diameter and periodically perturbed curvature (in

one plane). The multimode calculations show that the efficiency n = 86.2%

(undesired modes: 6.9% TE01, 4.8% TEl2, 0.7% TE21; 1.4% ohmic skin losses)
of a simple 8-@eriod 70 GHz transducer (cos--shaped perturbation, L = 2.49 m,

ao = 13.9 mm) can be raised up to 97.4% (unwanted modes: 0.6% TE01, 0.4%
TEl2, 0.1g TE21; 1.5Z attenuation; L - 2.53 m, two additional periods). The
experimentally determined TEO1-to--TE11 conversion efficiency is (97.2 +0.5)%.

I. Introduction

Gyrotron oscillator tubes are efficient sources of high-power millimeter

wave radiation for plasma start-up and electron cyclotron resonance heating
• (ECRH) of plasmas in thermonuclear fusion research. Their output, however,
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is in an unpolarized circular electric TE0n wavegulde mode (predominantly ,
TE02 at frequencies between 28 GHz and 70 GHz) that is not convenient be-

cause of its undesirable hollow conical radiation pattern. Efficient plasma
heating requires an axlsymmetrlc, narrow, pencil-llke millimeter wave beam

with well-deflned polarization as produced by the TEll mode (or better HEll

hybrid mode) at an open-ended, oversized circular wavegulde antenna [1,2].

Thus, it is desirable to transform the gyrotron output to TEll or ideally

HEll. Due to the high frequencies and high power levels involved, the mode
conversion must take place in highly overmoded wavegulde.

In oversized circular wavegulde a selective transformation of one specific

mode into another can be achieved by means of suited periodic perturbation

structures of the inner waveguide wall under the condition that the geomet-

ric period AW of the wall perturbations and the unperturbed wave numbers 8n

and 8m of the considered modes have to satisfy the resonance relationship

AS(n,m)=Sn-Sm=2_/AB=2_/AW (constructive interference); AB is the beat wave-
length of the two modes [3-5]. An axlsymmetrlc structure preserves the azi-

muthal mode number while a fluted structure can change both radial and azi-
muthal mode numbers. In the case where the wavegulde distortions are small,

reflections are negligible in overmoded waveguide and the perturbation

structure as well as the converter length necessary for almost complete con-

version and low level of undesired modes can be deduced from coupled-mode

differential equations for the complex forward--travelllng amplitudes [4,5]. -

In a serpentine TEOI-to-TE11 transducer the unwanted TEl2 wave is also

strongly coupled to the TE01 input mode because A8(01 ,12) is close to

AB(01,11). In addition, the TE21 mode is tightly coupled to the arising TEll
mode. In order to get sufficient discrimination against these modes it is

necessary to increase the number N of geometric periods to ten [5]. The

rather significant ohmic attenuation of the TEll mode ultimately limits the
efficiency. Moreover, the bandwidth of hlg_-N number periodlc-perturbatlon

type mode converters is inherently narrow.

The efficiency of rippled wall mode converters with simple perturbation pro-
file (pure cos-or sin-shape, constant maximum amplitude, number of periods

is an integer) depends on the starting phase of the wall distortions [6].
It can be further improved by:

- tapering of the maximum perturbation amplitude [7],

- proper placement of "phase delay" sections of straight wavegulde [5],
- appropriate truncation of the last converter period [7],
in order to reduce the amplitudes of unwanted modes in the interior and at

the output of the converter, respectively.

lt is shown that the decisive improvement (higher efficiency while length is

simultaneously reduced) can be obtained by the combined application of:

(I) slightly changed perturbation period (AW . AB) resulting in a continuous
phase re-matching within the converter [5,6,8],

(2) superpositlon of additional, phase-matched, small perturbations to the

main wall distortion, whose geometric periods correspond to the beat
wavelengths between the input and output mode and their related, stron-

gest coupled undesired modes, respectively [8].

This work reports computations and measurements on optimization of wall per-
turbations in TEOn-to-TEO,n-1 mode converters and TEO1-to-TE11 transducers •

at 70 GHz for 200 kW transmission lines of the I MW-ECRH system on the
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WENDELSTEIN VII-AS stellarator at Garching. The numerically optimized mode
converters were manufactured and after that tested at low-power levels by

means of far-fleld radiation pattern measurements, by determination of

" insertion losses through two back-to-back converters using frequency sweep--

ing and phase shifting techniques, and with a novel device which measures

the spectrum of axial wavenumbers in overmoded wavegulde [10]. This wavenum-
ber spectrometer consists of a leaky-wave antenna structure in the wavegulde

wall and of a movable receiver antenna system with high directivity.

2. TEOI-to-TE11 Mode Converter

Conversion of the circular symmetric TE01 mode to the almost linearly pola-

rized TEll mode is achieved by a non-exisymmetric mode transducer with con-

stant radius (ao = 13.9 mm, 200 kW transmission line) and periodically per-
tui_Ded curvature in one plane (Am = I) [4,53. The general expression for the

waveguide radius coordinate of the actual improved transformers is given by:

a(z,¢)=ao[1+[¢11 c°s(AgW(01 ,11) oz)--e12sin(AgW (01 ,12).z)

-e21sln(Agw(11,21 ).z)]cosO] (I)

where ¢ is the azimuthal angle wlt,h ¢ = O,w in the plane of the wiggles. The

E-fleld plane of the TEll mode is perpendicular to this plane.

Six coupled modes were included in the theoretical analysis: TE01, TEll,

TEl2, TE21, TM11 and TM21. Ohmic attenuation and possible elllpticlty coup-

llng, introduced by the ma_ufacturlng procedure, are included in the coup-
ling matrices. The influence of TM11 and TM21 turned out to be negligible
because there is a continuous and coherent conversion and reconversion (with

no change in phasing) between TE01 and the degenerate TM11 mode and because

the TM21 mode is only weakly coupled• The coupling coefficients of the de-

sired TE01/TE11-curvature coupling, of the unwanted TEO1/TE12-coupllng (more
important in the first half of the transducer), and of the TE11/TE21-coup-

llng (more important in the second half) are given in Tab• I together with

the corresponding differences of the phase constants•

:oupled curvature coupling difference of unperturbed slightly changed

Qodes coefficients [m--'] wavenumbers [m-'] agW-Values [m-] ]

rE01,TEll C(01,11)-3.76._(z) A8(01,11)=20.15 AgW(01,11)=19.87

PE01,TEl2 C(01,12)-6•18._(z) A6(01,12)=24•91 AgW(01,12)=24.84
PEII,TE21 C(11,21)-6.07.<(z) AB(11,21)= 9.59 AgW(11,21)= 9.94

....

Tab.I: Curvature coupling coefficients, differences A8 of unperturbed phase

constants and slightly changed Agw-values of major coupled modes in smooth-

walled circular wavegulde (ao=13.9 mm) at 70 GHz. K(z) is the curvature dis-
tribution along the bent waveguide.

The optimum number of perturbations is determined by the need for limiting
• the conversion to unwanted modes as well as by limitations on the conversion

rate to the desired mode. This depends on the various values of

IC(n,m)/Ag(n,m)l for the different modes [5]. The TE01 mode is also strongly
coupled to the unwanted TEl2 mode because A8(01,11) is quite close to

A8(01,12) and C(01,12) > C(01,11). In addition, the TE21 wave is tightly
coupled to the generated TEll mode (large value of C(I 1,21)/A8(11,21)). In
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order to get an efficiency of approximately 93% it turned out to be necessa-

ry to increase the number N of periods in a rotatable converter (ordinary or

extraordinary ECR-wave irradiation) with simple cos-shaped perturbation to

ten !5]. The overall length of this converter _.STLh; 3.12 m (ao- 13.9 mm;
z11 0.049 z12 z21 0; A8(01,11) - 20.15 m-I results of numerical '
computations and the geometrical data of such a simple cos--shaped 70 GHz
TEO1-to-TE11 mode transducer with eight geometrical periods (N - 8) are sum-
marized in Tab. II and the calculated normalized power in each mode as a

function of z along the converter is plotted in Fig. la. The conversion

efficiency is quite low (, - 86.2%) and the levels of unwanted modes are

rather high. The multimode calculations show that the conversion efficiency

can be improve_ to n - 94.0% by a 1.6% increase in the perturbation period

(ABW = 19.87 m-') which reduces the unwanted TEl2 mode level and causes a
continuous re-matching of the required phase difference between the TE01 and

TEll modes [5] resulting in a reduction of the remaining TE01 mode content
from 6.9% to 0.9% (see Tab. II and Fig. Ib). The power levels in undesired

modes are further reduced (Fig. Ic) by superimposing two additional, phase-

matched (-sin) small perturbations, which periods corr,espond to the beat

wavelengths between TE01 and TEl2 (ABW(01,12) - 24.84 m-') and between TEll

and TE21 (A6w(11,21) - 9.94 m-'). In this case elg_ht main TEO1/TE11-periods
correspond to ten TE01/TE12-perlods and to four TE11/TE21-periods

(8.A6W(01,11) - 10.A6w(01,12) - 4.ABW(11,21), see Tab. I). The theoretical
conversion efficiency of this improved TEO1-to-TE11 mode converter is

n - 97.4% (including ohmic attenuation of 1.4% in Cu-waveguide).

perturbation single cos- single cos- 3 phase-matched .

perturbation perturbation and perturbations and

phase re-matchlng phase re-matching

e11 O. 0594 0.0594 O.0594

e12 0 0 0.0044
e21 0 0 0,0094
length L(m) 2.49 2.53 2.53
TE01 O.069 0.009 O.006

TEl I O.862 0.940 O.974
TEl 2 0.048 0.029 0. 004
TE21 0.007 0.007 0.001

PSUM 0. 986 0.985 0. 985

Tab.II: Geometrical data, computed normalized output mode levels and trans-

mission efficlencles (PsuM) of 8-period TEOI-to-TE11 mode converters (ao .
13.9mm, 70 GHz) with simple cos--6haped and improved perturbation structures.

The optimum mode transducer was fabricated by direct machining on a numeri-
cal lathe and assembled from eight individual sections. According to the

numerical calculations the influence of the tiny elliptlcity, introduced by

this convenient manufacturing procedure, turned out to be negligible. Fig. 2
shows measured far-field E- and H- planes as well as cross-polar (XP 45 0)

patterns of the TEll mode generated from a pure TE01 input mode (see section

3). The agreement of the power distributions with theoretical ones ( dashed

curves) is good and consistent with the calculated efficiency. This far-

field radiation pattern measurement together with insertion loss measure-
ments using a second converter (and re-conversion multlmode calculations)

and measurements with the kz-spectrometer revealed a measured efficiency of

nexp-(97.2 ± 0.5)% which is in excellent agreement with the predicted value.
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The numerical optimization calculations showed that TEOI-to-TE11 conversion
efflclencles of 97% to 98% can also be achieved with considerably snorter
serpentine converters (N Z 4). Such short transducers have not been realized

p

mechanically because of the following reasons:

(I) perturbation amplitudes _1.9 mm (length of one converter section: 316mm)

could not be manufactured by direct machining on a lathe,
(2) short converters exhibit higher levels of unwanted modes in their inte-

rior which might cause arcing during long-pulse high-power operation,
especially if the gyrotron emits spurious asymmetric modes or if there

are backward travelling asymmetric modes produces by reflections.

3. TEOn-to-TEO,n-1 Mode Converters

Mode transducers with axisymmetric, periodic radius perturbations (Am - O)

convert TE0n into TEO,n-I power, provided that the converter radius is ap-

proximately periodic with the beat wavelength _B(n,n-1) of the two modes.
Efficiency optimization is studied by numerically solving the coupled-mode

differential equations for all propagating TEOn modes in the wavegulde (ao =
13.9 mm). Ohmic attenuation is included in the analysis. In the case of
TEO2-to-TE01 transformation conversion efficlencles n Z 99% are obtainable

with simple cos-shaped perturbations. However, high efficiency mode transdu-

cers for higher order circular electric modes require more complicated per-
turbation structures. As an example, results of calculations for improved 8-

main period TEO3-to-TE02 and TEO2-to-TE01 transducers for the conversion of

the output mode mixture of VARIAN 70 GHz gyrotrons (92% to 95% TE02, the
remaining power being distributed between TE03 and TE01 [6]) into the basic

TE01 mode are summarized in Tab. III along with measured values (low-power

measurements) and the geometrical converter data. The waveguide radius of
these improved mode converters is given by:

a(z)=ao[1-e01cos(ASW(n,n-1).z)-eo2COS(2.ASw(n,n-1).z)]/(1-eO1-e02). (2)

The major period _w(n,n-1) = 2_/aBw(n,n-1) of the wall perturbations differs
slightly from _B(n,n-1) resulting in a reduction of the remaining TE01 mode
content. The superpositlon of a small amount of the phase matched (-cos)

second harmonic perturbation (2.aBw(n,n-1) , ABw(n.1,n)) reduces the ampli-
tudes of the undesired modes TEO,n+I and TEO,n-2 at the converter output.

These improved mode transducers were manufactured by direct machining on a

numerically controlled lathe and assembled from eight individual sections.
In both cases measured and predicted conversion efficiencles are in excel-

lent agreement. Fig. 3 shows a series of far-field patterns measured by

_ode TEO3-to-TE02 converter (L-449 mm) TEO2-to-TE01 converter (L-872 mm)

Co1 - 0.0237 ¢02 = 0.0020 ¢01 " 0.0401 CO2 - 0.0050
calculated i measured calculated l. measured

_E01 0.002 0.005 no - 0.997 0.995±0.005
'gO2 no - 0.992 0.990±0.007 0 0
rE03 0.001 0 0.001 0.003
rE04 0.002 0.002 0 0 "

_SUM 0.997 0.998 ,,

Tab.III: Geometrical data, computed and measured conversion and transmission

efficiencies and normalized spurious mode levels at the output of improved

8-period TEO3-to-TE02 and TEO2-to-TE01 converters (ao - 13.9 mm) at 70 GHz.
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• adding I to 8 TEOI-to-TE02 mode transducer sections,each being lw long. Com-
plete power transfer is achieved for L = 8.1W. In gig. 4 the measured far-
field radiation patterns of the TE02 and TE03 modes successively produced

• from a pure TE01 input mode are plotted. The agreement of these patterns

with those that were computed Is good and consistent with the calculated

efflclencies. Flg. 5 shows the corresponding kz-epectra measured with the
wavenumber spectrometer. In the case of the TEOE-to-TE01 transformation
theoretical conversion efficlencles q _ 99_ were also obtained with conside-

rably shorter improved converters (N _ 2). The number N = 8 of main periods
was chosen because one geometrical period of such a transducer converts 3

to 4_, which is the expected power level of TE03 and TE01 modes emitted by

the gyrotron. A phase-locked gyrotron mode mixture containing - 93_ TE02, -

3.5_ TE03, and - 3.5_ TE01 may be cleaned without power losses by using one
section of the TEO3-to-TE02 transformer at a specified axial position of the

longitudinal beat structure in the wavegulde (phase-matching at the conver-

ter input). The resulting TEO2/TE01 mode composition can finally be conver-
ted into an almost pure TE01 mode by using only seven sections of the TEO2-

to--TE01 converter. The measured overall conversion efficiency is (99 ± I)$.

-29.9 -20.1 -10.8 10.8 20.1 29.9 ...29.9-20.1 -10.8 10.8 20.1 29.9
I I I I t I

lm

m

9

i
I

-30 -20 -10 0 10 20 30
Side]

Fig._: Measured far-field pattern of the TE02
and TE03 modes successively generated from a

pure TE01 input mode at 70 GHz (ao-13.9 mm).
-30 -20 -10 0 10 20 30 [del

- TSo, '_,F! /lZdeJ

e[d_J

Fig.3: Series of measured far-field pat- .6o--TS 02

tern produced by I to 8 perlods (each ! --TE03 ,' l_°

. TEOI-to-TE02 transducer (ao-13.9 mm) _ Ei£' i

i "8°" _ [Fig.5: Spectrum of the TEOI mode and of ,_ ,i,, ,,l_l/
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ongte of emergence e [ "1

measured with a kz-Spectrometer, reflected modes - : : forward modes

EO.S SAN DIEGO, NOVEMBER zgsa 327



4. Conclusions

Considerably higher efficiencies of rippled wall mode converters for over-

sized circular waveguide have been achieved by changing the perturbation
period of the wall slightly from the beat wavelength between the input and

the desired output mode and by superimposing additional, phase--matched,

small perturbations, whose periods correspond to the beat wavelengths be-
tween the desired modes and their strongest coupled unwanted modes. In the

case of TEOa-to-TE01 and TEO3-to-TE02 transformation with improved 8-period
transducers theoretical efficiencies of 99.7% (99.5 ± 0.5% measured) and

99.2% (99.0 ± 0.7% measured) where obtained at 70 GHz and ao = 13.9 mm. The
corresponding values for mode converters with simple perturbation structure

are 99.0% and 98.5%, respectively [5]. More significant is the achievable

efficiency improvement in the case of serpentine TEOI-to-TE11 mode transdu-

cers. The multimode calculations show that the efficiency n = 92.5% (unde-
sired modes: 2.8% TE01, 2.1% TEl2, 0.5% TE21, 1.9% ohmic attenuation) of a

simple 10-period 70 GHz transducer (cos-shaped perturbation, L = 3.12 m, ao
= 13.9 mm) can be increased to 97.4% (unwanted modes: 0.6% TE01, 0.4% TEl2,

0.1% TE21, 1.5% attenuation) with an improved 8-period converter (superposi-

tion of 3 different perturbation periods, L = 2.53 m, ao - 13.9 mm). The
measured value of (97.2 ± 0.5)% is in excellent agreement with the predicted
one.By the use of these improved periodic-gerturbation mode converters toge-

ther with optimized corrugated TEll-to-HEll mode transducers [6] the overall

transmission efficiency of the 70 GHz mode converter system for ECRH on the

W VII-AS stellarator in the desired polarization (ZTE0n-to-HE11 conversion

including attenuation) is determined to be 95%. The accomplished improve-
ment compared to the W VII-A mode transducer system [6] is 4_. The choice of

the number of converter periods is rather conservative because large pertur-

bation amplitudes in serpentine TE01-to-TE11 transformers cannot be manufac-

tured by direct machining on a lathe and because very short converters exhi-
bit higher levels of undesired modes in their interior which might be the

reason for arcing in the waveguide during long-pulse high-power operation.
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ABSTRACT

- Efficient plasma heating by ECR-wave irradiation requires axlsymmetrlc, nar-
row, pencil-like millimeter wave beams with well-defined polarization. The

linearly polarized Gausslan-like HEll mode satisfies these conditions best.
• This quasi-optical hybrid mode can be generated from TEOn gyrotron mode com-

positions by the two multi-step mode conversion processes: (I) ETE0n to TE01
to TEll to HEll or (2) ZTE0n to TE01 to TM11 to HEll. The first scheme has

the advantage that the converters can all be made without bends, allowing an

arbitrary choice and fast change of the polarization plane. The second

scheme does not exhibit this advantage, but it is more suitable for high

power 140 GHz transmission lines (large waveguide diameter) because effi-
cient TEOI-to-TM11 transducers can be made considerably shorter than ser-

pentine TEOI-to-TE11 mode converters. This paper presents computations on
mode converter systems of both types at 140 GHz (I.D.- 27.8 mm for 200 kW
transmission lines, I.D.=40.0 mm for 500 kW transmission lines). The struc-

ture of wall perturbations (superposltion of 2 or 3 different periods) in

the rippled wall mode converters and the curvature distribution in the bent
smooth-walled TEOI-to--TM11 mode transducers were optimized by numerically

solving the corresponding coupled-mode differential equations. Computer-

aided optimization of circumferentlally corrugated mode converters has been
achieved with a scattering matrix code employing the modal field expansion

technique (Modular Analysis Concept: MAC). In all cases the predicted over-

all efficiency of the complete mode converter system from ETEOn (predomi-
nantly TE03) to HEll in the desired mode is approximately 90% to 92% (ohmic

attenuation is included). First low-power measurements on the efficiency of

a 140 GHz TEOI-to-TM11 mode transducer (ao - 13.9 mm) are in excellent
agreement with the predicted value of 95.2% (including ohmic attenuation).

I. Introduction

High--power gyrotrons have been used very successfully for plasma start-up

• and subsequent electron cyclotron resonajnce heating (ECRH) of stellarator
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and tokamak plasmas as well as for plasma production in industrial processes

(e.g. isotope separation). High-frequency millimeter waves (f _ 140 GHz)
are required in order to achieve reactor relevant plasma densities

(neo_2.102°m-') and optimum magnetic confinement conditions (Bo - 5 T).
Commercial gyrotrons launch mixtures of circular electric TEOn modes (mainly

TE02 at frequencies between 28 and 70 GHz, and in the near future TE03 at
140 GHz [I] and TE04 at 100 GHz [2]) into a highly overmoded circular wave-

guide (Int. Diameter D-2ao-63.5 mm). In particular, the TE01 mode is appro-
priate for power transmission through long runs of straight circular wave-

guide because of its low ohmic attenuation. However, TEOn modes are unpola-
rlzed and produce an undesirable conical radiation pattern with no energy
content on the axis. Efficient ECRH requires an axlsymmetrlc, narrow, pen-

cil-llke beam with well-deflned polarization. The almost perfectly linearly

polarized Gaussian-llke HEll hybrid mode, radiated from an open-ended, cir-
cumferentlally corrugated, oversized circular waveguide, satisfies these
conditions best [3,4]. This mode is ideal for quasl-optlcal propagation and

launching by the use of focussing mirrors and polarization twist reflectors.
The HEll mode can be generated from TEOn gyrotron modes by the two multlstep

mode conversion sequences: (I) TEOn_TEOI.TE11.HE11 [4] or (2) TEOn.TE01+
TMII.HE11 [3]. The first scheme, which uses the TEll mode as polarized in-
termediate mode, has the advantage that the converters can ali be made with-

out bends allowing an arbitrary choice and fast change of the polarization
plane by simply rotating the TE01--to-TE11 converter around its axis. How-

ever, the present paper shows that the second scheme is more suitable for

high-power 140 GHz transmission lines because efficient TE01-to-TM11 trans-
ducers (bent smooth--walled waveguides) can be made half as long as the cor-

responding serpentine TEOI-to-TE11 mode converters, which must be made very

long to suppress the undesired TEl2- and TE21-_nodes [5] (beat wavelengths
scale with aaf). Moreover, due to the relatively large number of coupling

periods the TE_1-to-TE11 transducer bandwidth is inherently narrower than
that of the TE01-to-TM11 transformer. The TEII-to-4_E11 converter bandwidth

is also reduced, relative to that of the TM11-to-HE11 transformer, by the

need to start the corrugation depth at k/2 in the former [3,6].

This paper reports computations on 140 GHz mode converter systems of both

types for future 200 kW transmission lines (D-27.Smm) as well as for 500 kW
transmission lines (D = 40.0 mm) and first measurements on a 140 GHz TEOI-

to-TM11 transducer.

2. ZTEOn-to-TE01 Mode Conversion

Mode transducers with axisymmetric, periodic radlus perturbations (Am-O)

convert TEOn into TEO,n-I power in both conversion schemes, provided the

converter radius is periodic with the beat wavelength _B(n,n-1) of the two
modes [5,7]. Efficiency optimization is studied by numerically solving the

corresponding coupled-mode differential equations. Modes up to TE08 are in-
cluded. The waveguide radius is approximately given by

a(z).ao[1-¢oCOS(2UZ/_W(n,n-1))]/(1-¢o). (I)

The optimum wavelength _w(n,n-1) of the wall perturbations differs slightly

from _B(n,n-1) resulting in a reduction of the remaining TEOn mode content

[8]. The efficlencies no were further improved by superimposing small
amounts of additional, phase matched, higher harmonics on the wall structure
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in order to reduce the amplitudes of the undesired modes TEO,n+I and TEO,n-2

at the converter output [8,9]. Results of optimization calculations for se-

veral single--step 200 kW TEOn-to--TEO,n--1mode transducers (n-2-6) at 140 GHz

(ao = 13.9 mm) are summarized in Tab. I. The numerical computations show
that the number N of main coupling periods of the various mode transducers

may be somewhat reduced without substantial reduction of the conversion ef-
ficiency. In the case of TEO2-to-TE01 transformation efficiencies of approx-

imately 99% can be achieved with merely 2 or 3 periods.

The frequency sensitivity of rippled wall mode transducers is discussed in

[7]. The conversion efficiency n is approximately given by _ = n^/(I+62),
where 6 2N(Af/fo). Numerically deduced bandwidth factors I/(I+6_ for the
various mode transformers at a typical gyrotron frequency deviation of 0.3%

are also given in Tab. I. TE03 or higher TE0n gyrotron modes (e.g. TE04)
can be converted to the basic TE01 mode by cascading the corresponding sin-

gle-step mode transducers resulting in a total conversion efficiency of
98.9% or 97.7%, respectively; ohmic losses are included (Cu--waveguide). Di-

rect TEO3-to-TE01 conversion is impossible, because _B(3,1) - _B(3,4) [5],
whereas a TEO4--to--TE01conversion efficiency of 97.7% was also achieved by

using a direct TEO4--to-TE01 mode transformer (N=46, ¢o=0.0173, L-1.95 m).
However, the bandwidth of such a high N-number converter is inherently nar-

" row (I1(I+62)=0.929 for aflfo=0.3%).

Modes: TEOn_TEO,n--I TEO6_TE05 TEO5_TE04 TEO4_,TE03 TEO3_TE02 TEO2_TE01

Converter length L 797 mm 862 mm 945 mm 1073 mm 1352 mm
Number of periods N 14 12 10 8 6

Perturbation _o 0.0063 0.0089 0.0137 0.0238 0.0535
Conv. efficiency RO 0.983 0.986 0.988 0.992 0.997
Transm. efficiency 0.994 0.995 0.99'? 0.998 0.999
Unwanted-mode

levels TE0,n+I 0.006 0.004 0.005 0.002 0.002
TE0,n-2 0.005 0.005 0.00_ 0.004 -

I/(I+6 =) 0.992 0.994 0.996 0.998 0.999

Tab.I: Geometrical converter data, calculated conversion and transmission
efficiencies, unwanteC--mode levels and bandwidth factors (0.3% frequency

deviation) of 140 GHz TE0n-to-TEO,n-1 mode converters (n-2-6, ao-13.9 mm).

Phase--locked gyrotron TE0n-mode mixtures may be cleaned without power losses

by using appropriate and matched TE0n--to-TE0,n-1 transformer sections at
specified axial positions of the longitudinal beat structure in the wave-

guide (phase-matching at the converter input) [5]. One period of a 6-, _or

• 10-noerlod transducer converts 6.7%, 3.8% or 2.4%, respectively.

For a given number N of periods, the ratio of the coupling coefficient Cn,n,

between TEOn and TEOn' modes for a radius change and the difference ABn,n,.
• 2_/_B(n,n') of the unperturbed wavenumbers remains constant. As a result the

efflciencies of 140 GHz TE0n-to-TE0,n-1 transducers with ao-20.0 mm are al-
most the same.
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3. TEOI-to-TEI l-to-HE11 Mode Conversion Sequence

In the TEO1-to-TE11-to-HE11 mode conversion scheme a non-axisymmetric mode

transducer with constant radius and periodically perturbed curvature in one

plane (Am-l) transfers the unpolarized TE01 mode to the almost linearly po-
larized TEll mode [5,7]. The radius coordinate In a rotatable converter with

simple cos-shaped perturbation Is given by

a(z,¢)-ao[1 +¢IC°S(2_Z/IB(01,11 ))cos¢], (2)

where ¢ is the azimuthal angle with ¢-0,7 in the plane of the wiggles. The

polarization of the TEll mode Is perpendicular to thls plane. Six coupled
modes are included In the theoretical analysis: TE01, TEll, TEl2, TE21, TM11

and TM21. According to the multlmode computations the conversion efficiency

no-81.6% (unwanted modes: 9.7% TE01, 4.6% TEl2, and 0.6% TE21; ohmic atte-
nuation in Cu-wavegulde: 3.5%) of an elght'perlod 200 kW converter

(ao-13.9 mm, L-5.03 m, ¢i-0.0594) can be improved to almost 90.8% by a 1.6%

increase of the perturbation period (_W-1.016.1B(01,11)) which reduces the
remaining TE01 mode content and the level of the undesired TEl2 mode [5].

The decisive improvement of the efficiency up to no- 95% Is achieved by
superimposing two additional, phase-matched, small perturbations, which pe- a
riods correspond to the beat wavelengths between the TE01 input mode and

TEl2 and the TEll output mode and TE21, respectively [9]. Such improved per-

I.OO .....

0,0"q ,-'-"<':_7

_... .,'" 12 ...................

i,_"
o.8a

. o.va ,.- 1, \\T.23 -"_*:t

....... ......

w. a.2o°'lO j¢.; ___ 9

.... 8 k.TM22 EH13 TM12 }

a. la _.* .":'.""aao.... -"'" _,,a, 7 _" .E22a.oa _.aa z.s6 _.e,_ s.lz 6._o F"_I2.... -"_':_ _'-_-_
Z li,II "_'_r"..... _ TE22

_6 ,E,_"_ .E,2 _';'_0.20 __

a. 18 6 tLTM21 EH12 TM21

a. ta " :_" 3 I_,TM11 71_2

..L°°'la. :..."" -:- HEll TEll

o.ao _ .

_ ^ A - 2EL.-TE1111 "_

o.os : ,... Ir_EH21

o.a, _:'" _ .......: /".r,a, I_I'EH"_
0.02 ' '" .... "" "'" '^ _ TEl2

o.aa"_" ___.!_ "%JL;.,..,<, o_' o:2' o_,'o16' o16"_:o' _;_' 1:,' _6 _i_zoo.ao _.ae a.ss _.e_ s. _z I._o
z _._ di(),//.}

FI_. 1: Fig. 2:
Calculated fractional power in de- Eigenvalues K-a of the characterls-

sired and unwanted modes as a func- tlc equation versus normalized

tion of z along the optimum 200 kW electrical slot depth d/(l/4) for
TEOI-to-TE11 mode converter (L - various modes in circumferentially

5.12 m, ao - 13.9 mm). corrugated wavegulde with inner ra- •
dlus a - 13.9 mm at 140 GHz
(k-a. _o.78).
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m

turbation structures result in a minimization of the TEl2 and TE21 mode le-

vels at the converter output. Fig.1 shows the calculated normalized power in
" each mode as a function of z along the optimum TEO1-to-TE11 transducer. At

the converter output (L-5.12m) the input TE01 mode is converted to the TEll

mode with an efficiency of no - 95.0% (unwanted modes: 1.0% TE01, 0.1% TEl2,
0.1% TE21; ohmic attenuation: 3.8%). However, the corresponding 8-main pe-

riod serpentine converter for a 500 kW transmission llne (ao-20.0 mm) be-
comes impractically long (5-10.6 m, no-93.5%, 5.3% ohmic losses in Cu) be-

cause beat wavelengths scale with ao2.

Adiabatic TEll-to-HEll mode conversion is achieved in a straight, circumfe--
rentially corrugated, waveguide section in which the electrical depth of the

annular slots gradually decreases from an initial value of almost _/2

(A-2_/k is the free-space wavelength) to a final slot depth of approximately
A/4 (Fig.2) [6]. Unwanted mode conversion is associated primarily with the

entirely cross-polarized EHI2 mode. Computer-alded optimization of converter

length, shape of corrugations, and slot depth profile along the converter is
obtained with a scattering matrix formalism employing the modal field expan-

sion technique: Modular Analysis Concept (MAC) [10]. An optimized non-llnear

profile of the mechanical slot depth is absolutely necessary for achieving a
mode purity of almost 99% and cross-polar levels lower than -28 dB with a

- converter length of L-O.T4 m for ao-13.9 mm and L-1.06 m with ao-20.O mm.
Slot width and slot pitch are chosen to be 0.35 mm and 0.7 mm, respectively.
The calculated return losses are lower than--56 dB. The optimum slot depth

" profile is very close to that of constant coupling along the converter [3]
and decreases slowest at the converter input where the coupling coefficient

for hopping to the TM11-to-EH12 conversion branch is largest.

4. TEO1-to-TMll-to--HE11 Mode Conversion sequence

In an alternative two-step mode conversion process the HEll mode is gene-
rated from TE01 using TMll instead of TEll as intermediate polarized mode.
First, a smooth circular waveguide is bent with an optimized curvature dis-
tribution at a proper angle to convert virtually all of the TE01 power to
TM11 which is polarized perpendicularly to the plane of bend. Power is con-
tinously coupled from TE01 to TMll alone the converter because TE01 and TMll
are degenerated in smooth-walled circular waveguides (same propagation con-
stants). A waveguide bend of angle

Oc-k01 •A/(2J2-'ao) (3)

will convert all the power from one mode to the other [3,11]; k01-3.8317 is
the first root of the Bessel-functlon Jo'" -J1" The bend must be long enough
to avoid unintentional mode conversion to unwanted modes, but ought to be as

short as possible to minimize ohmic (wall) losses from the hlgh-loss TM11

mode. Bent 140 GHz TEO1-to-TM11 mode converters with a_-13.gmm and ao-20.Omm
were optimized by means of numerical integration of t_e coupled-mode equa-

. tions for the six coupled modes: TE01, TM11, TEll, TEl2, TE21 and TM21

(ellipticity coupling is included in the coupling matrices). Due to the mul-

timode coupling, the conversion angle 0c depends on the curvature distribu-
tion and differs by a small amount from the value calculated with (3). In

" both cases, the lowest spurious mode levels together with highest trans-

mission efficiency (shortest arc length Lc) were achieved using slnusoidal
curvature distribution instead of constant curvature as used in [3]. This is
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Fig. 3: Fig. 4:
Calculated fractional power in de- Calculated fract.ional power in de-
sired and unwanted modes as a func- sired and unwanted modes as func-

tion of z along 140 GHz TEO1-to- tion of z along 140 GHz TEO1-to-

TM11 mode converter with ao-13.9mm TM11 mode converter with ao-13.gmm
and constant curvature, and optimum, sinusoidal curvature

distribution.

CURVATURE DISTRIBUTION CONSTANT SINUSOIDAL

waveguide radius ao 13.9 mm 20.0 mm 13.9 mm 20.0 mm

conversion angle 80 12.02 o 8.34 o 12.5 o 8.66 0

arc length Lc 3.05 m 6.09 m 2.49 m 5.04 m

NORMALIZED POWER LEVELS

TE01 0.0015 0.0017 0.0008 0.0004

TMI I 0.9252 0.9036 O.9524 O.9352
TEll 0.0025 0.0034 0.0001 0.0001

TEl2 O.0045 O.0050 0.0001 0.0001

TE21 0.0048 0.0053 0.0025 0.0043
TM21 0.0065 0.0070 0.0016 0.0022

TRANSMITTED POWER

PSUM O.9450 O.9260 O.9575 0.9423 -

Tab.II: Geometrical data, normalized power levels at the output and trans-

mission efficiency PSUM of bent 140 GHz TEO1-to-TM11 mode converters with
constant and sinusoidal curvature distribution and waveguide radii of

ao-13.9 mm and ao-20.O mm, respectively.
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obvious from the comparison of the calculated normalized power in each mode

as a function of z along the 200 kW converters as plotted in Figs. 3-4. In
" Tab.II the calculated data of the two optimum 140 GHz TEO1-to-TM11 transdu-

cers with sinusoidal curvature distribution are compared with the correspon-

ding data of constant curvature transformers. The bandwidth factor of the

optimum mode converters with sinusoidal curvature distribution is 0.998
(0.2% reduction of the efficiency) at a frequency deviation of 0.3%.

The 200 kW TE01-to-TM11 converter (ao-13.9 mm) was fabricated by bending
commercially available C76 waveguide in a preassembled frame with a shape
defining the curve. Fig.5 shows a photograph of the mode transducer. Accor-

ding to the multlmode calculations the influence of the measured ellipticity
(_0.02 mm) on the conversion efficiency turned out to be negligible. Fig. 6
shows the measured 140 GHz TM11-mode pattern (E-plane). This far-field pat-

tern measurement together with insertion loss measurements through two back-
to-tack converters, using phase shifting and frequency sweeping techniques,

delivered an experimental conversion efficiency of (95.0+_1.0)%which is in

good agreement with the predicted one.

TM11-to-HE11 conversion is achieved adiabatically in a straight circumferen-

tially corrugated waveguide section by non-linearly tapering the corrugation

" depth from 0 to nominally _/4 (Fig.2). This transducer has to be long enough

(L-0.84 m for ao-13.9 mm and L-1.2 m for ao-20.O mm; sloth width - tooth
width - 0.35 mm) in order to suppress mode hopping to the TE11-EH11 surface

v

mode branch as well as to the TE12-EH12 mode branch [3]. The theoretical

conversion efficiency is around 98.5%. The slot depth increases slowest at

the converter input where coupling to both unwanted mode branches is stron-

gest.

Fig. 5 :

A photograph of the 140 GHz TEO1-to-TM11 mode converter (arc length Lc-2.49m
conversion angle e_-12.5 @, sinusoidal curvature distribution) for a 200 kW

transmission line _ao-13.9 mm).
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Fig. 6 :

Measured E-plane far-field pattern -12_ 11/.

of the TM11 mode generated by the _ "200 kW TEOI-to-TMI I mode converter ApertureO, 2ZBmm 1/.0GHz
(linear scale, low--power measure- E-plonQ

men t). = TM ,,

J
S

,10

0

a,

-30 -20 -1( 0 10 20 30
5. Conclusions e[mmg.]

Optimization calculations on the two multl-step mode conversion sequences:
(I) TEOn to TE01 to TEll to HEll and (2) TEOn to TE01 to TM11 to HEll for

generating the quasl-optlcal HEll hybrid mode from gyrotron TEOn modes at
140 GHz are presented. TE03 or higher TEOn gyrotron modes are converted to

the basic TE01 mode by cascading the corresponding slngle-step TEOn-to-
TEO,n-I mode transducers resulting in high conversion efflclencles and fair-

ly broad bandwidths. The second conversion scheme Is more suitable for 500kW

transmission lines (ao - 20.0 mm) because bent TEO1-to--TM11 transducers can
be made considerably shorter than serpentine TEO1-to-TE11 mode transfor-

mers. In both conversion sequences the predicted overall efficiency of the
complete mode converter system (from ETEOn to HEll) in the desired mode is
approximately 92% for a 200 kW transmission llne (I.D. - 27.8 mm) and 90%

for a 500 kW transmission system (I.D. - 40.0 mm). First low-power measure-

ments on the efficiency of a 140 GHz TEOI-to-TM11 mode converter (ao-I3.9mm)
are in excellent agreement with the theoretical value.
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Methods of Designing Higher Efficiency,

" Shorter Length Periodic-Perturbation

Mode Convertersfor Over-Moded Waveguides*

R.J. Vernon, U. Rhee, and K. Audenaerdet
University of Wisconsin, Madison, Wisconsin 53706, USA

Abstract

Gyrotrons currently in use typically have circular-waveguidemicrowave

outputs in the TE01 or TE02 modes which are not efficient for plasma heating.

Periodic perturbation type mode converters have been successfully used to

convert these outputsto a TEll or HEll mode which have more efficient plasma

. heating characteristics. Methods are discussed by which the efficiency and

power handling capability of these mode converters can be increased while

their length is simultaneouslyreduced. The mode converter's bandwidth is

also usually increased. These improvementsare accomplishedby

i) changing the perturbationperiod s|ightly from the beat wavelength

between the input and the desired output mode,

2) appropriateplacementof "phase delay" sectionsof waveguide,

3) varying the perturbation amplitude along the length of the

converter,

and 4) choosing the profile of the perturbationperiod to further reduce

the coupling to unwanted modes.

A mode converter system which can produce any output "polarization"of a

TEll or HEll mode from linear to left- or right-hand circularly polarized is

• also discussed.

,This work was supportedby the U.S. Dept. of Energy through Contract
' DE-ACO2-83ER52093.

$ Presentaddress" State Universityof New York at New Paltz.
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Gyrotrons currently in use typically have circular-waveguide microwave o

outputs in the TE01 or TE02 modes which are not efficient for plasma

heating. Periodic perturbation type mode converters have been successfully

used to convert these outputs to a TEll or HEll mode which have more efficient

plasma heating characteristics. Methods are discussed in this paper by which

the efficiency and power handling capability of these mode converters can be

increased while their length is simultaneously reduced. (Here efficiency is

defined as the ratio of the power output in the desired mode to the total

input power, taking into account attenuation. We will assume single mode

inputs initially but extend the discussion to multimode inputs later.) The

mode converter's bandwidth is also usually increased by these methods.
Q

The type of mode converter system for which these components are intended

is shown in Fig. I which is drawn for a 60 GHz gyrotron with a TE02 mode

output in a 2-I/2" circular waveguide. The first mode converter in this

system is a TE02 - TE01 converter of the varying radius type; the second is

a TE01 -TEll converter of the curving axis or serpentine type. The design

techniques used to improve the efficiency of these converters apply to both

cases (and to periodic perturbation mode converters in general). However

since the improvement is most striking for the TE01 - TEll mode converters we

will concentrate on this type as an example. Previous designs of this type

of TE01 - TEll converter use a periodic cosinusoidal variation of the circular

waveguide axis with the period being the beat wavelength, )'B,between

the TE01 and TEll modes. Moeller [I] used a converter 6_B long with a

diameter of 0.75" achieving an efficiency of 92%. Thumm [2] used a converter

10),B long with a diameter of 1.094" achieving an efficiency of 92.5%.

We have made the following design modifications for these kinds of

converters using only four periods in a 1.094" diameter waveguide:
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, I) Alter the period to account for the effect of the presence of unwanted

"secondary"modes, lt is also often of benefit to alter the period

slightly from one cycle to the next.

2) Insert sections of straight waveguide to adjust the relative phases of

the importantmodes so that coupling to unwanted modes is minimized.

3) Alter the amplitude of the perturbation from period to period to

maximize the converterefficiency.

4) Choose the profile of the perturbation period to further reduce the

coupling to unwantedmodes.

Figure 2 shows a schematic diagram of such a four-period converter_

designed for 60 GHz operation_with an approximately 7% increase in the

, perturbation period, a single flat section, and circle segments for the

curvature profile. Figure 3 shows a graph of the power-normalizedamplitude

of the TE01 and TEll modes and six spurious modes for the case of a four-

period converter of the simple design (completely periodic with a period

of _B) while Fig. 4 shows the same mode amplitudes for the modified design.

Here the fraction of power in any given mode at a given value of z can be

found by squaring the amplitude at that position. Ohmic losses are taken into

account by includingattenuationin the amplitude propagationconstants. The

perturbationamplitude is made smaller in the first and fourth periods where

the coupling to the unwanted TEl2 and TE21 modes is high. The length of the

period is also varied slightly from one period to the next. The efficiency is

only about 63% for the simple design but is 98.3% for the modified design.

Decreasingthe number of periods using these design techniques allows for

a shorter device with less loss for the same diameter or a larger diameter
I

device giving greater power handlingcapability. If the shorter device option
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is chosen this design modification a]so gives a broader bandwidth. This is

shown in Fig. 5 which gives the efficiency of a) the improved four cycle
I,

design discussed above, b) a similar design using constant amplitude

perturbations and one straight section, and completely periodic c) six, d)

five, and e) four-cycle designs. Notice that although the efficiency of the

completely periodic designs increases with the number of cycles, N, at the

design frequency, the bandwidth decreases as N increases.

We have required that the input and output apertures for the TE01 - TEll

mode converter are centered on and perpendicular to the same axis. This

allows for the rotation of the mode converter, and consequently the

polarization of the output TEl1 mode, to any desired orientation. This, in

conjunction with the elliptical-guide polarization converter, can give any

desired polarization output from linear to circular with either sense of

rotation.

The same form of design modification has been implemented for a four-

cycle varying-radius TE02 -TE01 mode converter. The difficulties here with

spurious modes are much less severe and previous designs had already achieved

a very high efficiency of about 99% using 6 cycles with a total converter

length of 59.4 cm (Thumm [2]) and 5 cycles with a total length of 48 cm

(Moeller [I]). Our TE02 - TE01 converter design has only four cycles, is only

40 cm long, and has a predicted efficiency of 99.4%. lt uses two straight

sections in otherwise constant period and amplitude perturbations. Figure 6

shows the power normalized amplitude of the only five modes which can

propagate in the structure (TE01, TE02 , TE03, TE04 , and TE05) as a function of
D

position, lt has an efficiency of 99.4% when ohmic losses are included. This

efficiency may be increased by 0.2 - 0.3% if a slight variation in the pertur-
t

bation amplitude is included in the design. However, this small improvement
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, may not warrant the additional comp|ication in the design. The simple,

completely periodic, beat-wavelength-period design For the TEo2-TE01 mode

converter has the an efficiency of 97.3% so the improvement is not nearly as

dramatic as For the case of the TEo1-TE11 converter discussed above.

Generally the output power of a gyrotron is not purely in a single mode

but may contain a Few percent of its output power in other modes. If the

First mode converter following the gyrotron has been optimized For a single

mode input, the presence of other modes will normally decrease the converter's

efficiency. For the case of a gyrotron producing mainly a TE02 mode with a

few percent TE01 mode, the efficiency can be increased to single mode levels

by adjusting the phase of the input TE01 mode relative to the TEl)2 mode and
o

adjusting the lengths of the two flat-section inserts, lt is more difficult

, to compensate for the effects of a few percent of TE03 mode (or other TEon

mode n > 3) in this way. However such a mode component may be largely

converted to the TE02 mode by a short (only about 5 cm for t.heTE03 mode case)

single-cycle converter which would have at its output only a few tenths of a

percent of any such TEon mode. Thus by simple modifications to the same con-

verter (no refabrication is necessary), it may be adapted to high efficiency

operation For an input with several percent power in the TE01 and/or TE03

(or TEon, n > 3).
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WaveguideElliptic Polarizersfor ECH

" at Down Shifted Frequencieson PLT

J.L. Doane

Princeton Pilasma Phv_ca Laboratory, Princeton, N,;w Jersey 085_, USA

Abstract

ECH experiments on PLT with resonance frequencies of 80-90 GHz at the

plasma center use 60 GHz extraordinary mode (X-mode) propagation at 30° from
the toroidal field. Efficient excitation of this mode requires elliptic

polarization of the incident wave at the plas_i edge. On PLT the elliptic

polarization is achieved outside the vacuum vessel in an elliptically deformed

section of circular waveguide propagating TMII_ a mode that is intermediate

. between TE01 and BEll (which has an ideal radiation pattern). The s_ueeze and

orientation of the TMll polarizer are adjusted to compensa_q b_th for the
birefringence of a corrugated bend propagating HEll and for a flat mirror

- inside PLT that reverses the sense of rotation of the polarization.

Introduction

Since generating high power at millimeter-wave frequencies generally

becomes more difficult as the frequency is increased, an electron cyclotron

heating (ECH) scheme that reduces the required frequency would appear
attractive. For electron temperatures and densities typical of present large

tokamaks, large absorption due to energetic electrons can theoretically occur
over short path lengths at relatively low frequencies [1]. For example, with
cyclotron resonance frequencies of 140 and 80 GHz at the center of TFTR and
PLT, respectively, virtually complete absorption not too far from the plasma
center should be achievable with incident power at around i00 and 60 GHz.

Optimum absorption at such down shifted frequencies requires propagation
of the extraordinary mode (X-mode) at an angle relative to the toroidal
magnetic field [I]. Efficient excitation of this mode requires, in turn,

elliptic polarization of the incident wave at the plasma edge.

Previously, for a different application involving X-mode propagation on

Doublet III, the required elliptical polarization was achieved by using

grooved mirrors at the end of waveguides propagating a linearly-polarized TEl1

mode [2]. Focusing twist reflectors with curved grooves of varying depth have

been used on TI_-U to generate a linearly polarized wave from sn incident TED1

mode [3] and could in principle generate elliptical polarization as weil.
These grooved devices generally must be located inside the vacuum vessel.

• StH on PLT uses waveguide mode converters to generate the ideal HEll

mode, which generates a free-space gaussian mode at the open ended corrugated

waveguide inside PLT (see Fig. l). Elliptical polarization of HEll is
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achieved by suitably squeezing a section of waveguide outside PLT propagating

the TMII mode, which is intermediate in the mode conversion process from TE01

to HEll [4]. Since TE01 is unpolarized and corrugated waveguide propagating
HEll is not birefringent under elliptical deformation [5], the desired

polarization conversion must be done on the TMII mode.

Design

As is well known, smooth-wall circular waveguide propagating the dominant

TEll mode becomes birefringent when deformed elliptically: the E-field

component along the minor axis undergoes more phase shift than the component

along the major axis [6]. Circular polarizers using this effect are available

commercially for frequencies up to the lower millimeter-wave range [7]. Since

TEll is commonly generated from TE01 in overmoded waveguide systems for ECH

([2], [8]), the required elliptical polarization could also be generated by

squeezing a section propagating TEll. As discussed below, however, the

birefringence for TEll is much smaller than for the TMll mode used on PLT.

In general, if the radius of deformed circular waveguide is written in

cylindrical coordinates as

a(z) = ao + _ a_(z) sin_# (i)
_=I c

then incident TE_m or TM_. modes with radial electric fields varying

transversely as _v i sinp,._ll be.coupled tO TE__ and TM_ m modes with E_ ~

If the integral of the deformation satisfies

L/2

lKlf a2p(Z)dz = ,/4 , (2)-L/2

where K is the relevant coupling coefficient, then an incident TE or TM_
mode with fixed polarization can be converted to rotating polari_tion

vice versa [9]. When p ffii, the rotating polarization is called circular

polarization.

The coupling coefficient K in Eq. (2) varies approximately as I/a_ for

large a0/l and is -ji.44 in.-2 for TMII at 60 GHz in WCI09 waveguide (2a- ffi
1.094 In.). The coupling coefficient for TEll in this case is +j0.60, or _.4

times smaller. The sign difference corresponds to opposite signs for the
birefringence.

To avoid coupling to unwanted modes, the polarization converter must not

be too short and the deformation should vary smoothly. For a TMII ,

polarization converter, TE31 is the most important unwanted mode, because the

phase velocities of these two modes are very close. Also important is

coupling to TEll.
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The results of numerical integration of the coupled mode equations are

shown in Figs. 3-5. The incident mode is linearly polarized in the vertical

direction and the elliptical deformation is oriented as in Fig. 2. A smoothQ

cosine-squared variation for the magnitude of the deformation along the

converter is suitable for minimizing spurious mode generation and is easily

approximated in practice.

For the circular polarizer of Figs. 3 and 4, the output power should

ideally be divided equally between the horizontally and vertically polarized

components and the relative phase should be 90°. The latter requirement can

be satisfied at relatively short converter lengths; the former requires a

converter length of 15 to 20 inches for TMII and at least 30 inches for

TEll. The much larger spurious mode generation in the TEll converter for a

given length is caused by the need to increase the magnitude of the distortion

to compensate for the much lower coupling coefficient K.

To rotate the polarization of a linearly polarized mode by 90" requires a

doubling of the distortion integral in Eq. (2) to 7/2. This corresponds to a

phase shift of 180 ° between the components parallel and perpendicular to the

ellipse major axis (see Fig. 2). As shown in Fig. 5, a vertically polarized

TMII mode can be well converted to horizontal polarization in a elliptically
" deformed waveguide 25 to 30 inches long. For the PLT configuration, the

desired elliptical polarization required a distortion integral of 0.417 (see
. discussion below); hence a length of 28 inches for the distortion was chosen

to insure low spurious mode generation.

Fabrication

To generate an elliptic deformation that is smoothly varying and zero at

each end, the fixture shown in Fig. 6 was convenient. Two thick aluminum

plates squeezed by a bolt at z = 0 and restrained at each end generated an

a2(z) variation approximately equal to cos _ (_z/L). The waveguide was
standard WCI09, with an initial O.D. of approximately 1.222 in. Before

assembly into the frame, the waveguide was annealed with a hand-held torch

enough to allow squeezing in place without excess torque but not so much as to

make the waveguide flatten out under the squeeze. The diameter squeeze at the

center needed to produce a TMII circular polarizer was about .085 in., in

close agreement with Eq. (2) and the coupling coefficient cited above. The

average diameter decreased by less than .005 in. at the center and should
cause no significant mode conversion.

Measurement

The TMII polarization converter was placed between the TE01 to TMII and

TMII to HEll converters described in Ref. 4. The major and minor axes were

oriented at 45 ° from the direction of polarization of the field incident from

the TS01 to TMII converter. A small aperture linearly polarized receiving

horn was located 24 inches from the open end of the TMII to HEll converter.

To facilitate finding the optimum squeeze of the polarization converter,

, and also to verify the sense of rotation of the polarization, a low-power
rotatable polarizer with parallel plate waveguides [I0] could be placed in

front of the receiving horn. The phase shift between field components

parallel and perpendicular to the plates was 90 °. When this polarizer was
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used, a glass lens was placed between it and the open-ended TMll to HEll

converter to collimate the beam at the polarizer. The parallel plates were o

oriented at 45 degrees from the vertical (Fig. 7), and the TMII polarization

converter was squeezed until the field at the receiving horn was linearly

polarized (as determined by rotating the horn). The TMII polarization

converter was then a circular polarizer; the measured sense of rotation agreed

with the theory.

The radiation field was then checked without the parallel plate polarizer

and collimating lens. The peak-to-peak variation in the field received by the

linearly polarized horn as the latter was rotated was only 0.6 dB. The

measured radiation patterns for various orientations of the horn were almost

identical, and the sidelobes were at least 23 dB down.

In the waveguide leading to the top port of PLT there is a 90 ° bend in

the HEll mode (see Fig. I). This bend is also birefringent due to a

difference in one of the modes coupled by the bend: either TE01 or TM02 for H

and E plane bends, respectively. To measure the birefringence, a 90 ° bend was

placed after the TMII polarizer and the TMII to HEll converter. The rotatable

parallel plate polarizer and the rotatable receiving horn were used to analyze

the elliptic polarization radiated from the bend. From this analysis it was

determined that the E-field component perpendicular to the plane of the bend

was delayed in phase by approximately 59 ° relative to the component in the m

plane of the bend. This agreed well with a relative phase shift of 56 °

predicted by numerical integration of the coupled wave equations, assuming sn

effective corrugation depth of 0.7 k/4.

We now adjusted the TMll polarization converter to compensate for the
birefringence of the 90 ° HEll bend (item D in Fig. 1), the 102 ° orientation of
this bend (see Fig. 1), and the reversal of the sense of rotation of the

polarization at the flat mirror (item H in Fig. 1). Theoretically, the
squeeze axis of the polarization converter should be changed from 45 ° to 26 °
from the vertical, and the squeeze increased to increase the relative phase
shift of the field components parallel and perpendicular to the major axis of
the deformation ellipse from 90 ° (for the circular polarizer) to 147.5 ° .

This adjustment should have given left handed elliptical polarization
before the mirror with a 1.2 ratio of the magnitudes of the electric field

components perpendicular and parallel to the toroidal field BT. In the
laboratory, using the set-up shown in Fig. 8, the proper orientation of the

elliptical polarization was observed, and the ratios of the field component

magnitudes was measured to be approximately 1.3. This still should provide a

good match at the plasma edge to an extraordinary wave propagating at a 30 °

angle relative to BT (Fig. 1) (see, for example, Ref. 11, section 1.4).

Acknowledgments

The author acknowledges helpful discussions with E. Mazzucato, M.A.

Goldman, and H. Hsuan, and the help of J. Boychuk, S. Luyber, and E. Hall in

fabricating the TMII polarization converter.
This work was supported by U.S. Department of Energy Contract No.

DE-AC02-76-CHO-3073.

348 I_,,-S SAN DXEOO, NO_EI_:t 198S



References

[i] E. Mazzucato, I. Fidone, G. Giruzzi, and V. Krivenski, Report PPPL-2229,

Princeton Plasma Physics Laboratory, June 1985; also to be published in
Nuclear Fusion.

[2] C.P. Moeller, R. Prater, and S.H. Lin, Proceedings of the Fourth
International Symposium on Heating in Toroidal Plasmas, Rome, Italy,

1984, pp. 1454-1460.

[3] B.W. Stallard, F.E. Coffield, B. Felker, J. Taska, T.E. Christensen,

N.C. Gallagher, Jr., and D.W. Sweeney, Proceedings of EC-4 Workshop,

Rome, Italy, 1984, pp. 107-113.

[4] J.L. Doane, Int. J. Electronics, 53 (1982) 573.

[5] P.J.B. Clarricoats, A.D. Olver, C.G. Parini, and G.T. Poulton, Proc.
Fifth European Microwave Conference, Hamburg, 19759 pp. 56-60.

. [6] P.I. Sandsmark, IRE Trans. on Microwave Theory and Techniques, MTT-3
(1955) 15.

' [7] For example, Systron Donner Model 930 Circular Waveguide Polarizers.

[8] M. Thturml,V. Erckntann, G. Janzen, W. Kasparek, G. Muller, P.G. Schuller,

and R. Wilhelm, Int. J. Infrared and Millimeter Waves, 6 (1985) 459.

[9] J.L. Doane, "Propagation and Mode Coupling in Corrugated and Smooth-Wall

Circular Waveguides," in K.J. Button, ed., Infrared and Millimeter

Waves, Vol. 13, Academic Press, 1985.

[I0] A.H.F. van Vliet and Th. de Graauw, Int. J. Infrared and Millimeter

Waves, 2 (1981) 465-477.m

[ii] M.A. Heald and C.B. Wharton, Plasma Diagnostics with Microwaves, Wiley,
New York,,1965.

EC-5 SAN DIEGO, NOVEMBER 1985 _49



R

102° B

A

28°

BT

_,_ o) Top View

I t

I 9_,c,B, ,
I "E

I -I Top of VocuumVessel

--?_; --_. -- B
i

I
CE b) Side View

Fig. 1. Schematic o£ top launch on PLT. Ai TEOI-THll mode converter; Bi THll
polarization converter; C: TMll-HEll mode converter; D: HEll bend; E:
straight corrugated waveguide; F: corrugated taper from 1.094 to 2.5
inch I.D.; G: window; H: smooth mirror at end of 2.5 inch I.D.

corrugated waveguide.

350 EC,.5 SAN DIEGO. NOVEMBER 1985



#eSEOi69

E_ 10 , . , , ,

i

• !
0.8

=

• i

,,,- _,., 0.6- f-Verticol TM II

f

Q 0.4- HorizonfalTM II £C •
_E r

_ -_
i

o.z-

,-, Sl)uriousNodes -"
0 I I I I i _ I I
I0 14 18 22 26 30

CONVERTERLENGTH(Inches}

Fig. 2. A 2-foil (elliptical) Fig. 3. Effect of TEll, TEl2, TE31, and

deformation a2 oriented to 13431 spurious modes on a TMII
couple the horizontally and circular polarizer at 60 GHz in
vertically polarized 1.094 in. I.D. waveguide. The

components of a TEIm or magnitude of the elliptical
,, TMIm mode. distortion, oriented as in Fig. 2,

with a cosine squared variation
along the converter, is adjusted

, for each length to produce circular
polarization at the output in the
absence of spurious modes. The
input is vertically polarized.
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TEll circular polarizer with to rotate the polarization of a

, a vertically polarized input, linearly polarized incident TMll
Parameters same as Fig. 3. mode by 90°. Parameters same as

Fig. 3.
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Fig. 6. TMII polarization converter in squeeze frame. Overall Length:
32 inches.

FiB. 7. Parallel place polarizer

Fig. 8. Laboratory setup for analysis of elliptical polarization following

components A thru D connected as in Fig. I.
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lit II I

Pure Mode Swept Frequency

TED2Measurementsin 6.35 cm
CircularWaveguide*

T.S. Bigelow, T.L. White, and H.D. Kimrey
Oak Ridge National Laboratory, Oak Ridge, Tennessee 87831, USA

Abstract

A mode transducer was developed which generates high purity (> 99%) TEo2

mode in small diameter (1.64 cm) circular waveguide. The device works from

52-62 GHz which allows relatively wideband, accurate swept frequency measurements
.,

of insertion and return loss in this mode. TEol to TEo2 insertion loss for the device is

' approximately 0.2 dB and the TEol mode rejection from the TEoz port is 15 dB. A

2- degree linear taper is used to connect to 6.35 cm diameter waveguide. Mode purity of

the TEo2 mode after this taper is > 98%. Some typical measurements of waveguide

components as well as a description of the device will be presented.

*Research sponsored by the Office of Fusion Energy, U. S- Department of Energy,
under Contract No. DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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Waveguide developmentwork iscurrentlyunderway atORNL fortheAdvanced

ToroidalFacility(ATF)ECH System.The initialcapabilitiesofthesystemwillbe

200 kW CW at 53.2GHz. ATF iscapableofrunningsteady-stateatlT and lessthan

5-secat2T,however,planscallforiniti'aloperationoflessthan 5 secpulseswith a

centralmagneticfieldoflT. In thismode, heatingwillbe from NBI and the ECH

systemwillbeusedforplasmastartuponly.

The proposedwaveguidesystemisactuallyquitesimpleasshown inFig.1. The

entirewaveguidelengthwillhave a diameterof6.35cm and willbe undervacuum.

The waveguidewillpropagatetheTE02 mode generatedby thegyrotron.Two bends

arerequiredfortoplaunchon theATF device.Thesebendswillbe optimizedmiter

bendswhicharecurrentlyunderdevelopment.Mode conversionintoa Gaussianbeam

willoccuratthelauncherwhich willbe a Vlasovtypewith a polarizationrotating ,

reflector.

To facilitate testing and optimize the performance of components under

development, a mode transducer to generate pure TEo2 mode was developed. This

transducer converts an input TE01 mode (generated by commercially available TE 10 to

TEol transducers) into a high purity TEo2 mode (> 99%) over a frequency range of

52-62 GHz. The wide bandwidth and small size of this transducer make it quite useful

for testing in swept frequency laboratory setups. It will also be useful for testing and

alignment of the installed waveguide system on ATF.

The mode transducer consists of a step in waveguide diameter to a larger diameter

guide. This diameter step with an incident TEol mode excites a composite TE01 - TEo2

waveguide (plus some evanescent modes) as described in Marcatili. IIi This composite

wave is converted entirely into TE02 mode by a coaxial waveguide section which has

phase shifting inserts.

Adjustment of the transducer is performed using the radiation pattern technique.

A computer program was written for calculating patterns for composite modes which

provides insight into mode content for a particular positioning of the coaxial converter
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" section.The presenceofnon-circularmode impuritiessuchasTEIIand TE 12indicatea

tiltingoroffsetoftheconverter.The presenceofTE01 circularmode isbestdetermined

bytherelativeheightoftheinnerand outerpeak asshown inFig.2.The exactpattern

forsmallapertures(ka <--1-2)isnotaccuratelygivenby simplefar-fieldintegrationof

theaperturefields,t21A more accuratedeterminationofmode puritycan be made by

usingwaveguide spacersofseverallengthsafterthe transducerand checkingfor

consistencyinthemeasuredpattern.Thisisshown inFig.2 where atleastone beat

wavelengthoftheTE01 andTEo2 mode isscannedthrough.The changeinheightofthe

innerpeak is= < .5dBwhich,basedon computercodepredictions,indicatesa mode

purityof99%. This processcan ofcoursebe repeatedatany frequencyofinterestto

determinethebandwidthofthedevice.

A back-to-backsweptfrequencyinsertionlossmeasurementoftwotransducersis

shown in Fig.3. There the normalizedreferencelinecorrespondsto the TEol

transducers(and mode absorber)alone. In the frequencyrange that applies

(= 52-62GHz) thetwotransducerinsertionlossis.5dB orless,ofwhich _ .2dB could

beaccountedforby reflectionsfromdevice(_--15dB returnlosseach).

Thereareseveralcomponentsthatcan be testedinTE02 mode forinsertionloss.

Usingthesetransducers,componentssuchasmiterbends,mode absorbers,othermode

converters,and directionalcouplerscan be easilytested.Thistestingcan be done in

6.35cm waveguideby taperingcarefullyfrom thetransduceroutput(1.64cre).A pair

of2° lineartaperswas constructedforthispurpose,ltwas determined(usingthe

patternmethod)thatthesetapersproduced_ 5% TEol mode plussome TEo3 mode.

Sincethetransducersarenotmatched perfectlyforTE0! mode and TE03 iscutoff

inthetaper,thereisthepossibilityoftrappedmode resonanceswhichwillcausespikes

insweptfrequencymeasurements.To reducethisproblemand increaseaccuracy,good

widebandtapersarerequiredand any componenttobe testedshouldbe low inmode_e

conversion.The spikescan be averagedout somewhat by matching the electrical
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length of the component with a section of plain waveguide for the reference and using

the normalizing features of a scalar network analyzer to subtract out the spikes.

Presumably, the remaining signal is close to the true value in the region of the spike.

In some cases the level of spikes can be reduced further by adding a high frequency FM

component to the sweep oscillator signal. This FM tends to average out the high Q

trapped mode resonances when multiple sweeps are averaged. An example of an

insertion loss measurement is shown in Fig. 3. Here, a Titanium Dioxide lined

waveguide mode absorber (12" long) is measured for insertion loss. As desired, the

insertion loss is low - approximately .1 dB. This same measurement setup has been

quite useful in studying optimized miter bends for use on ATF.

Swept frequency return loss measurements can be made through the TE02

transducer using a directional coupler in the rectangular waveguide source line.

Unfortunately, without some reflection cancellation technique, this setup is limited to

- 15 dB return loss or worse due to reflections off the mode transducer itself.

Nevertheless, the resonant frequency of a single disc window was verified using this

technique. Further improvements in this technique could come from tuning of the TE02

transducer and improvement of the tapers.

An equally useful application for the mode transducer is in testing of launchers

designed for the TE02 mode. In this case measurements are made at a single frequency

anywhere in the transducer passband. The entire launcher for ATF when completed

will be tested using this transducer.

By increasing the transducer converter section and the diameter step ratio, it is

possible to build a TEol to TE03 transducer that will probably have similar

performance characteristics to this device. This principle could be extended to higher

order circular electric modes, however, the complexity of adjustment will probably

make TE04 or higher impractical.
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