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’E‘hc (0-X-B mode conversion pracess was proposed in 1973 {1] as a possibility to overcome the
d;nsily {imjt for electeon cyclotron resonance Leating (ECRH). Here O, X, and B represent the
gidinary, exiraordinacy and electron Bemstein mode. The essential part of this scheme is the
- gogversion of the Q-wave launched by an antenna from the low field side into an X-wave at the
' 0-wave cut-off layer. This mode conversion requires an O-wave obligue launch near an optimal
angle. )

As shown in Fig. 1 the transverse refractive indices Ny of the O-wave and X-wave are

connected at the optimal Jaunch an gle with a corresponding longitudinal (parallel Bp) index

oo =f{Y/CF +13 with Y=ape/w (@ is the wave frequency, o, is the electron cyclotron

- frequency) without passing a region of evanescence {Vy 2<0), For non-optimal faunch an
evansscent region always exists near the cut-off surface. The geometrical size of this evanescent
rgion depends on the density scale length L=ng/(dng/dx), and a considerable fraction of the
energy flux can be fransmitted through this region, if L becomes small. The power transmission

function TNy} is [2]
Y 22
T(Ny.Nz)=cxP{-n" k(}:,-] 2[2(1+y)(1vaz- Ne) + Ny]}_

where Ny and ¥, are the poloidal and lengitdinal components of the vacuum refractive index
and kp the wave number. This angular dependence (V;- dependence ) was used in the
experiments 1o identify the O-X-conversion process, After the O-X-conversion the X-wave
" propagates then back to the upper hybrid resonance (UHR) layer where the refractive index of the
X-wave is connecied to that of the electron Bernstein waves (EBW) as shown in Fig. 1 and a
cufnplctc conversion into EBW's may take place. The EBW's propagate then towards the plasma
centre where they are absorbed near the electron cyclotron resonance layer or in the nonresenant
case by collisional multiple pass damping.
In our calenlations, additionally, we take into account that in a real plasma the conversion layer is ©
nota smooth surface but is due to density fluctuations rough and wavy. This introduces a beam
divergence much higher than the intrinsic one and can reduce the O-X-conversion considerably,
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With a statistic description of the poloidal cut-off surface roughness (toroidal ﬂuctuaticmg W
neglected), the probability density function of the poloidal compenent My (similar 1o 4 po

a
lﬁida] i
beam divergence)

i N;"&? . _;23
Py "o, P _(1- Nz)2<72 =)
JJ x
could be calculated as a function of the fluctuation amplitude standard deviation G=Liig/n, (ﬁe’n, ]
is the relative fluctuation amplitude) and the poloidal correlation length Ay. The modifieg PO
transmission function Tp,g (O-X conversion efficiency) is then de(Nz)=fT(Ny,Nz) p(NdeNy‘
In Fig. 2 the modified transmission is calculated as a function of the parameter kg £, fop fiv
different relatjve density fluctuation amplitudes. In all calculations the poloidal correlation lengyy
wag assumed to be 2 cm, It can be clearly seen that a significant heating efficiency is Obitaingg
only at & very small density scale length or a very low fluctuation amplitude. The ﬂexibilily of |
W7-AS allows to investigate both extrems cases, i.e. target piasmas with kg L <10 and with ,
relative density fluctuation amplitude of more than 20 % or peaked density profiles (ko L. =60y
with 2 very low relative fluctuation amplitude of less than 2%. For both cases, high conversig,
efficiencies were experimentally measured and O-X-B mode conversion for plasma heating coyly
be clearly shown for the first time.
Two 70 GHz beams were launched inte a neutral beam (NBI) sustained target plasma at resonang
(1.25 T) and nonresonant (1.75'T, 2.0 T) magnetic fields. The launch angle of the incident Q.
mode polarised wave was varied at fixed hsating power (220 kW). An example of the
nonresonant case is shown in Fig. 3. The increase of the total stored plasma encrgy (from the
diamagnetic signal) depends strongly on the launch angle, which is typical for the 0-X.
conversion process, and fits well to the calculation, Here the power transmission function wag
normzlised to the maximum energy increase. The central density was 1.5 10 20 m-3, which i
mere than twice the cut-off density, the central electron temperature was 500 eV, Heating at the
plasma edge could be excluded since at the nonresorint magnetic field of 1.75T ao electrog
cyclotron resonance exist inside the plasma . Due to fechnical limitation of the maximum launch
angle, only the left part of the reduced transmission function could be proved experimentally,
In the X-B-conversion process near the UHR parametric instabifities are expected, which
generate decay waves with frequencies of the incident pump wave w plus and minus the
harmonics of the lower hybrid frequency wyg and the lower hybrid (LH) wave itself. With the
electron cyclotron emission (ECE) receiver a spectrum of the decay waves with maxima at
@fneyy was measured for a resonant magnetic field of 1.25 T and is shown in Fig. 4. Note,
that the pump wave is suppressed and the ECE-spectrum is clearly nonthermal since the density
was twice the 70 GHz cut-off density. The low frequency LH-wave itself could be detected with
a broad band loop antenna. A high degree of correlation between the high frequency decay waves
and LH-wave was measured.
EBW's experience a cur-off layer (W —0) at the upper hybrid resonance (UHR} surface (see
Fig. 1), which in the nonresonant or higher harmonic (n>1) fiald totally encloses the inner
plasma, The radiation is then trapped irside the plasma like in & hohlraym. The EBW is either
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yHR surface in the case of an oblique angle of incidence or is back converted to
h is converted again to the EBW at its next contact with the UHR. The only way
n escape out of the Plasma is the small angular window for O-X- and X-O-
ion, fespectively: tn the absence of an electron cyclotron resonance in the plasma the
o be absorbed due to finite plasma conductivity after some reflections at the UJHR-
;zlzsonant heating was clearly observed at magnetic ficlds up 10 2.0 T. At the maximum
sma energy content inereased by about 1.3 kJ compared to a similar discharge with
ig. 5). Two 70 GHz beams in O-mode polarisation {110 kW power each) were
ihed with an angle of 40° with respect to the perpendicular launch into a NBT (800 kW)
i pd target plasma with a central density of 1.6 10 20 m-3 and a central temperature of 560
More than 80% of the heating power was found in the plasma if the power scaling of the
nement (P-28) was taken into account. Thus 0-X-B-heating turned ont to be very

cied at the
wwave whic
diation €&

[
anly (see Fi

srgy confi
e faien, . )
‘B tiacing calculation were performed with newly developed code in order 10 get a more
. detailed insight into the 0-X-B-scheme , Density, lemperature and magnetic field profiles similar
fo:lhal of a typical neutral beam sustained W7-AS plasma were used for model calcularions for a
‘ sl;"aigm plasma cylinder. We use the nonrelativistic hot dielectric teasor with a correction for
. 'elgctron ion collisions given by Stix [3] and an isotropic electron temperature. The ray trajectory
o the x-z-plane is shown in Fig. 6 . The beam is launched from the low field side (LFS) and
j 3 propagales through the cut-off, where it is converted into X-mode. Then it moves back to the
i UHR-layer, where the X-B-conversion takes place. The EBW s are absorbed near the cyclotron
: resonance at the plasma centre. A small frection of the beam power is lost at the UHR due to
f finite plasma conductivity. The power deposition zone for resonant heating strongly depends on
. the magnetic field and the eleciron temperature, but central power deposition seems possible. In
caloulations for the nonresonant case more than 40% of the beam power is absorbed due to finite
p]ixsma conductivity after six passes through the plasma.

In conelusion: efficient C-X-B heating with 70 GHz electron cyclotron waves was clearly
‘demonstrated for the first time for resonant and nonresonant fields at W7-AS. Both, the angular
dependence of the O-X-conversion and the parametric instability which is typical for X-B-
conversion could be experimentally verified. Density fluctuations at the O-X-conversion layer
play a significant role in the O-X-B-pracess and need to be taken into account.

With a newly developed three dimensional ray-tracing cede for EBW's and improved
measurement techniques of the power deposition profiles further investigations of the O-X-B-
heating are envisaged to explare the potential of resonant and nonaresenant (O-X-B-heating for

routine high density operation. :
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Fig. 1: Refractive index Ny versus wp2iw?
for the O-X-B conversion process. The
transition represents the connection of the X-
mode and B-mode due to the hot dielectric
tensor.
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Fig. 2: Modified O-X-conversion in the
presence of density fluctuations at the plasma
cut-off layer versus normalised density scale
length ko L for different relative fluctuation
amplitudes .
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Fig. 3: Increase of the plasma energy content
by O-X-B-heating versus the longitudinal
vacuum refractive index N, of the incident O-
wave
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Fig. 4: High frequency spectrum of the
parametric decay waves generated in the O-
X-B-process. The incident wave frequency is
70 GHz and the LH frequency is about 900
M’if 2.
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Fig. 5: Energy content (diamagnetic signal)
of a NBI-discharge with and without
nonresonant O-X-B-heating .
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Fig. 6: Calculated ray trajectory in the x-z-
plane and relative beam power for resonant
0-X-B-heating .




