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Electron Bernstein Wave Emission from an Overdense Plasma at the W7-AS Stellarator

H. P. Laqua, H. J. Hartfuß, and W7-AS Team
Max-Planck-Institut für Plasmaphysik, EURATOM Association,

D-85748 Garching, Germany
(Received 6 March 1998)

Thermal electron Bernstein wave (EBW) radiation of an overdense plasmasne . ne,cutoffd was
measured with an oblique viewing angle at the W7-AS stellarator. The spectrum consists of a local
cyclotron-emission part and a nonlocal high-frequency part. Edge-temperature perturbations excited by
carbon injection were used to demonstrate the relation between frequency and position of emission.
Since for EBW’s no density limit exists, the operation window of the electron-cyclotron-emission
diagnostic can be extended to densities above the cutoff density. [S0031-9007(98)07009-4]

PACS numbers: 52.35.Hr, 52.25.Sw, 52.55.Hc
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The accessible plasma density for electromagne
electron-cyclotron waves is limited by the plasma cutof
For the electrostatic electron Bernstein wave (EBW), th
third electron-cyclotron mode which is able to propaga
in a hot plasma, no such limit exists. However, sinc
EBW’s cannot leave the plasma directly, they have to b
converted into electromagnetic waves first. This can
performed by the inverse process ofO-X-B conversion,
B-X-O, which was proposed by Preinhaelter and Kopeck
for electron-cyclotron resonance heating (ECRH) [1
and which was recently demonstrated for fusion plasm
heating in [2]. HereO, X, andB represent the ordinary,
extraordinary, and the electron Bernstein modes. In t
first step anO wave is converted into a slowX wave at
the O-wave cutoff layer. In a second-mode conversio
step an EBW is generated from the slowX wave at the
upper hybrid resonance (UHR), where theX-mode branch
of the solution of the hot plasma dispersion relation
connected to the electron Bernstein branch. For EBW
no density limit exists; they propagate towards the den
plasma center, where they are absorbed by cyclotr
damping. Both mode conversions are reversible; thus t
B-X-O process can also take place. The mode convers
process requires an optimal parallel componentNk of
the refractive index vector or, equivalently, an obliqu
detection near an optimal anglew, a plasma density
above theO-wave cutoff, and a frequency above the firs
cyclotron harmonic in the plasma. Since at the cyclotro
resonance the plasma is optically thick for the EBW’s,
is a blackbody emitter for EBW’s, the same as it is fo
electromagnetic electron cyclotron waves below the cuto
density. But, in contrast to the electromagnetic waves f
the EBW’s, it is generally not possible to leave the pla
mas since they have a density threshold for propagati
at the upper hybrid resonance, which totally encloses t
inner part of the plasma. Indeed, at the UHR, they ca
be converted into slowX waves, but these are also no
able to leave the plasma and are backconverted to EBW
at their next contact with the UHR surface. The EBW
radiation is trapped inside the plasma as in a hohlraum, e
0 0031-9007y98y81(10)y2060(4)$15.00
tic
f.
e

te
e
e

be

ý
]
a

he

n

is
’s
se
on
he
ion

e

t
n
it
r
ff

or
s-
on
he
n

t
’s

x-

cept for those EBW’s which were born with an optimalNk

(parallel to the magnetic field) for theB-X-O process or
for those EBW’s which had achieved such anNk compo-
nent on their way in the plasma by scattering or magne
configuration effects such as the field line curvatu
The optimalNk or the optimal viewing anglew, respec-
tively, are defined by the following relation [1]:N2

k,opt 
cos2swd  fYysY 1 1dg with Y  vceyv (v is the wave
frequency andvce is the electron cyclotron frequency)
In a three-dimensional plasma, one also has to take
account the perpendicular (poloidal) refractive indexN'

or the poloidal angleu, but in our experiments no varia
tion of N' was performed. The shape of the angul
window or the transmission functionT sN', Nkd depends
on the density scale lengthL  neys≠ney≠xd and is given
by Mjølhus [3] with

T sN', Nkd  exph2pk0L
p

Yy2

3 f2s1 1 Y d sNk,opt 2 Nkd2 1 N2
'gj ,

wherek0 is the wave number. This angular dependen
(Nk dependence) of the emission was used in the exp
ments to identify electron Bernstein wave emission (EBE
Another criteria for EBE is the density threshold of th
O-X-B andB-X-O processes, respectively. It takes pla
only if the density is above theO-mode cutoff density of
the emitted frequency.

Ray tracing.—In model calculations with a ray tracing
code for EBW’s the emission and propagation of EBW
were simulated. We used the nonrelativistic hot dielect
tensor and an isotropic electron temperature. Since
full stellarator field geometry was not implemented in th
code, the magnetic field configuration at the EBW prop
gation volume was approximated by a toroidally sym
metric field withBsreffd  B0AysA 1 reffyad (A  10.5,
a  0.1 m) and no poloidal field was taken into accoun
which is sufficient to illustrate the basic features of th
O-X-B-mode conversion and EBW propagation, but cou
not reproduce the experimental results completely. Es
cially, the measured Doppler shift of the EBW absorptio
© 1998 The American Physical Society
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and emission differs from the ray-tracing calculation b
about 4 GHz. This may originate from the simplificatio
made in describing stellarator configuration.

Density and temperature profiles similar to typical ne
tral beam sustained W7-AS plasmas were used for th
calculations. Since all processes of mode conversion a
cyclotron emission are reversible, for simplicity the simu
lation was started at the detector. The ray trajectories w
followed until 99% of the power was absorbed in the res
nant case with cyclotron absorption inside the plasma.
the nonresonant case the calculation was stopped when
toroidal beam position exceeded the validity region of th
approximated magnetic configuration (63± toroidal angle
from the launch position). The ray trajectories for differ
ent frequencies are shown in Fig. 1. The shaded area in
cates the plasma volume, where1 2 1ye of the radiation
is emitted, and shows the localization of resonant EB
Each emitting volume is related to a frequency, and the
diation intensity is expected to be at the thermal level as
is for electromagnetic electron-cyclotron emission (ECE
below the cutoff density. The emitting frequency of EB
compared with perpendicular ECE is Doppler shifted du
to the nonvanishingNk component of the refractive index
for the oblique angle of observation. In contrast to EC
for nonresonant frequencies EBW radiation is not able
leave the plasma and is trapped inside the plasma as
hohlraum (see the 70 GHz beam in Fig. 1). The origin
this radiation is nonlocal and we expect a thermal emissi
intensity of the average plasma temperature.

Experiments.—The experiments were performed at th
W7-AS stellarator (major radiusR  2.0 m, minor radius

FIG. 1. Ray-tracing calculation of EBE at a central magnet
field of 2.1 T, a central temperature of 600 eV, and a cent
density of 0.9 3 1020 m23. The rays are propagating in the
equatorial plane.
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a  0.18 m). Since the standard ECE diagnostic at W7
AS uses fixed antennas with a viewing angle of 90± with
respect to the magnetic field, the ECE radiometers we
connected with an unused movable ECRH-launch anten
A detailed description of W7-AS and its ECRH-launch
system can be found in [4] and the ECE-radiometer-typ
is described in [5].

(1) Calibration.—The system was calibrated with ther-
mal ECE (first harmonicO mode atB0  2.5 T) at a
perpendicular (90±) viewing angle and at plasma densi
ties below theO-mode cutoff. It was taken into account
that for oblique observation theO-mode radiation is el-
liptically polarized, whereas the receiving system is onl
sensitive to linearly polarized radiation.

(2) Density threshold.—The receiving mirror was
turned to the optimum viewing angle of 47± with respect
to the magnetic field and the plasma density was ramp
up to above the cutoff density, as shown in Fig. 2. Th
plasma was sustained by two neutral beam injecto
(NBI) with 360 kW power each. The central magnetic
field was lowered to 2.1 T to compensate the Dopple
shift of the EBE spectrum. For comparison, the plasm
temperature measured with the soft-X-filter method for
the central line of sight is plotted at the top of Fig. 2
Below, the low field side EBE radiation, the central EBE
and the high field side EBE are shown. When the centr

FIG. 2. Signals of an NBI sustained discharge with a densi
ramp. From the top: soft-X temperature, radiation temperature
of the low field side edge EBE, central EBE, and high field sid
edge EBE, and central density. The temperature dip at 0.34
is due to a perturbation induced by carbon laser blowoff.
2061
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FIG. 3. Angular dependence of EBE for different centra
magnetic fields, for central density of1 3 1020 m23, and for a
temperature of 600 eV. The signal is normalized to the cent
soft-X temperature.

density as measured with a microwave interferometer a
by Thomson scattering reaches the cutoff density of t
emitting frequency, theB-X-O window opens and EBE
appears, as shown in Fig. 2.

(3) Angular window.—Scans of the viewing angle were
performed for the first and second harmonic EBE
shown in Fig. 3 and the predicted angular windows at 4±

for 2.1 T (69.14 GHz) and 55± for the second harmonic
EBE at 1.25 T could experimentally be reproduced. Th
radiation temperature was up to 70% of the temperatu
measured by soft-X emission and Thomson scattering
This might be due to the reducedX-O conversion
caused by density fluctuations at the cutoff surface
described in [2].

(4) The EBE spectrum.—First, ECE and EBE spectra
are compared. The central magnetic field was set at 2.4
for which both spectra are in the spectral range of o
detection system (61–78 GHz). In Fig. 4 both the therm
ECE spectrum [first harmonicO mode, ne , ne,cutoff
(squares)] received by the ECRH antenna with 90± viewing
angle and the EBE spectrum at 47± [first harmonic,ne .

ne,cutoff (circles)] of an NBI sustained plasma are show
The ECE spectrum reflects the plasma temperature pro
The EBE spectrum is about 6 GHz Doppler shifted an
shows the low field (frequency) side temperature gradie
The small pedestal at its low-frequency part may origina
from stray radiation emitted at the low density plasm
edge. In order to also record the high-frequency part
the spectrum, the magnetic field or the central electro
cyclotron resonance frequency was reduced by 0.4
corresponding to 11.2 GHz, respectively. As shown
Fig. 5, instead of a high field side decay, as is typical f
ECE, the EBE spectrum has a slowly decreasing broadb
high-frequency part. By a further shift of the EC resonan
frequency, we found that the high-frequency part is emitt
up to about 1.7 times the electron-cyclotron frequencies
the plasma. We think that this is the nonlocal “hohlraum
2062
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FIG. 4. Doppler-shifted EBE spectrum (circles) and EC
spectrum (squares) for similar discharges but at differe
densities. In the EBE discharge the central temperature w
700 eV.

radiation as has already been discussed in the previ
section.

(5) Cold pulses.—These experiments were conducte
to establish the relation between the frequency of t
thermal EBE and the radial position of the emission zon
Temperature perturbations at the plasma edge were
by carbon laser blowoff. The amount of ablated carbo
was matched to a value where we could find a sufficien
large temperature decrease in all EBE channels, but wit
minimum disturbance of the plasma discharge, especia
with no significant density increase. An example is show
in Fig. 2, where at 0.34 s the cold pulse was set. O
could identify a steep temperature dip in the edge EB
channels (64.84 and 72.26 GHz), a small dip in the cent
channel (69.14 GHz), and nearly no change in the avera
plasma density. In Fig. 6 the amplitude and delay time,

FIG. 5. High frequency part of the EBE spectrum. The ce
tral ECE resonance frequency is shifted by about 11.2 GHz
respect to Fig. 4. Because of the confinement degradation w
decreasing magnetic field, the central temperature decrease
about 500 eV.



VOLUME 81, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 7 SEPTEMBER1998

ter
lay

,
cy
m
se
al

r-
tion
in
se
s

on
e

m
he
the

c-
ith

a
n

ow
r

FIG. 6. (a) Amplitude decay and (b) delay time of the1ye
amplitude as a function of EBE frequency. This indicates th
inward propagation of the temperature perturbation induced
carbon laser blowoff at the plasma edge, thus demonstrating
localization of the radiation origin.

which the signal reaches1ye of the amplitude of the cold
pulse, are plotted as a function of the emission frequenc
e
by
the

y.

Assuming that the cold pulse propagates from the ou
radii towards the center, both the amplitude and the de
time indicate that, for the thermal part of the spectrum
there is a clear relation between the emitted frequen
and the radial position of the emission. For the spectru
above 73 GHz no amplitude variation and no clear pha
attachment could be found, which indicates the nonloc
character of the high-frequency part of the EBE.

In summary, electron-cyclotron radiation from an ove
dense plasma was detected with an oblique observa
angle. This could be identified as electron Bernste
wave emission through the angular window of the inver
O-X-B process (B-X-O). The emitted spectrum consist
of two parts:

The thermal part reflects the local thermal emissi
of EBW and, in principle, a radial temperature can b
reconstructed from this radiation.

The high-frequency part represents nonlocal hohlrau
radiation since most of the EBW’s are trapped inside t
plasma, and only those rays which somehow obtain
optimal Nk and N' for the small angular window of
theB-X-O process can leave the plasma.

Both the local and nonlocal character of the EBE spe
trum were demonstrated by cold wave propagation w
laser blowoff.

Besides the renewed verification of the hot plasm
wave theory and the insight into EBW physics in a fusio
plasma, the EBE also opens a new operational wind
for electron-cyclotron diagnostics beyond the cutoff fo
fusion as well as for ionospheric research.
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