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I ntroduction

Electron cyclotron heating was shown to be effective inlatator and tokamak plasmas. Un-
fortunately its application to spherical tokamaks (STsubstantially limited by high plasma
density and relatively low magnetic field typical for theswides. This ST feature has a strong
effect on the electromagnetic wave propagation. In theaniare frequency region, character-
istic surfaces, like the upper hybrid resonance (UHR) ariebffs are very close to the plasma
edge. As a result electromagnetic (EM) waves are unablertetde into the plasma interior.
The only way to overcome this difficulty is to use a linear aension of the incident EM wave
into the electron Bernstein wave (EBW) at the UHR. EBW has aonsdy limit and can, in
principle, carry the radio frequency power deep into themla. The feasibility of this plasma
heating scheme is under investigation now on the MAST tokaah&ulham, UK.

The wave propagation in the UHR, where the wave electric fiddeases, is usually dis-
torted by nonlinear effects at a power density level exaepdi 1 kW/cn? typical for EBW
heating experiments [1-3]. In particular, parametric geicastabilities can cause an anom-
alous reflection and absorption of the incident power. Inegxpents [1, 2] generation of low-
frequency (LF) waves has been observed. These waves werdiatbas lower-hybrid (LH)
waves, which are the only waves able to reach the small soatee pump UH wave and sat-
isfy the wavelength matching condition for the decay ingitgbln the present paper the first
observations of LF waves generated in the EBW heating exgeeris on MAST are reported.
The radiation is postulated to arise due to the parametgaydef the pump UH wave into
another UH wave and LH wave. The theoretical study of thigainifity is performed and the

threshold power is calculated.

Experimental results

The EBW heating system in the MAST tokamak allows up to 1 MW rouw@ave power at
60 GHz to be launched into the plasma in 7 beams. The coupir€BW is optimized by
a system of steerable focusing mirrors. At a certain orteartaof the microwave antenna the
steep growth of 100 MHz RF radiation (fig. 1c) during the he@apulse (fig. 1a) was registered
by the specially designed RF antenna situated in the edgmplat 5 cm outside the separatrix.
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Fig. 1:a) RF power injected into the plasma, b) line integrated itherty lower hybrid emission (LHE)
signal measured at 101 MHz, d) LHE spectrum measured atelifféime slices.

The maximum of the registered RF radiation correspondsdaatter-dense plasma (fig. 1b),
which provides the necessary conditions for the heatinggwavde conversion to EBW. Due to
the fact that the observed RF signals have frequencies tdbke LH resonance frequency in
the UHR region we postulate that the radiation is generayatidoparametric decay instability
occurring at the UHR.

Theoretical analysis

We consider a slab plasma model and 1D problem of parametteygassuming that the pump
UH wave propagates along the inhomogeneity directias well as the reflected UH wave. We
analyze the “high-frequency” case, specific for MAST coiodis, when the pump frequency
is more than twice the ECR frequency in the UHR; > 2wee. In this case the UH waves
dispersion curves (fig. 2a) do not possess a turning pointrandformation to Bernstein wave
occurs without a change of group velocity sign. The oppatiiection of the daughter waves
propagation between the decay points (fig. 2a) correspanttetsituation where a feedback
loop and, therefore, an absolute parametric decay ingtald] is possible. We are interested
here in the fundamental mode of this instability, which dlsulas a minimal threshold and
corresponds to the decay poimtg andxg, (fig. 2b) being close to each otheg{ ~ X42 = Xq)
and to the LHW turning point. In this case the situation unctersideration is similar to the

decay problem, when two daughter waves have the cut-off.d{yaour problem is equivalent
] k (c)
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Fig. 2:a), b) dispersion curves for pump UH wake reflected UH wavé; and LH waveky. Arrows
denote group velocity direction. c) Three-wave interagtiwhen two waves possess turning points.
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to that studied in [5], where one of the cut-offs is far frome feed-back loop, where the decay
wave energy is circulating (fig. 2c).

Keeping in mind this analogy, we consider the equations;rit®ag the complex amplitudes
@1, @ of the daughter waves potentiag, = 3 [@1(X) €% +c.c.], @n = 3 [@(x) €% +c.c].
We use the following notatiorky, k; are the constant values denoting the wavenumbers of the
UH waves in the vicinity of the LHW turning point. The transfeation wavenumbers,, k. of

LH and UH waves are given by2 = wpeNI"/[clr ()] k2 = cxer/ 1+ NEh?/[clr ()], where

2 22 . . -
2(w) =3 <w2“i'%z)ge wz\_/Tj z T w‘(’iﬂ“) andN", NUM are the toroidal refraction coefficients of
e

the corresponding waves.

In the vicinity of the LHW turning point the equations in qties [6] can be represented as
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wherep = (k. /k1)*, @ = @ e 2% Ak = ky(1+ p)/(5+ ), K = ko — kg — 2, + Ok, ag =
[(5_‘_“)@(%)'_(“)]71’ az = [46%(@)L(xd)rl and L(xg) is the inhomogeneity scale:
L~1(x) = dInn/dx+ 20,/ w. - dInB/dx. The gquantityx; denotes a virtual turning point for
the UH wavex; = Xq — 2 (w1 )L(xg)K2(1+ p)?/(5+ 1), while x; gives the real turning point of
the LH wavex; = Xy + 2iw) wiel (X4) / (w205), which is slightly shifted to the complex plane
due toa)), which is the imaginary part of the LH wave frequenoy = «) + i, describing
the growth rate of the instability. The interaction coeéitis take the form
e 2B} Vor — ie  kEp

2me B (5+ )2 (wk’ T 2Me w2 (wp)
whereEg is an amplitude of the pump wave electric field. According3bthe absolute in-

Vio =

stability threshold for the fundamental mode of the systéjmq determined by the equation
-1/3
ViV (a5 — af) Y
ducing the LH wave wittN!" ~ ¢/(5Vre), which can be shown to have the minimal threshold
y §1/3§11/1275/4g1/3
P|2 W —2.10°3 W .0 € 2)
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~ 0.2. This gives the following expression for the parametricaye pro-

cm?

whereT = Te+ 4T, andp is the electric field e-fold radius of the heating beam. Ad filasma
parameters here should be taken at the UHR position.

Discussion

For MAST experiment parameteffg = wy/(2m) = 60 GHz,To ~ Ti = 140 eV,B=0.38 T,
L = 3 cm the threshold (2) is equal R¥ /(11p?) ~ 260 W/cn?, which givesP* ~ 80 kW for
the beam ofp = 10 cm radius. This power was well exceeded in every heatiagnbe the
recent MAST experiments.



32nd EPS 2005; A.Surkov et al. : Parametric decay instability accompanying electron Bernstein wave heating in... 40of4

It should be noted that the actual powRfis less than the heating beam power due to the
conversion efficiency in the UHR, which is less than 100%.dsecof the MAST experiments
the UHR accessibility window position is rather hard to coh&ind its angular width is small
(3°+5°). Under these conditions the decay instability excitatian be considered as a proof
of the successful injection of the power exceeding the tiolel given by (2), into the plasma. It
can be concluded that in these experiments the couplingegitig of at least one of the heating
beams was not less than 50%.

Due to the inhomogeneity scale in the denominator of (2)ctvis a rapidly growing func-
tion of the heating frequency (e.g., for linear density peati [] fg), staying in the denomi-
nator of (2), the instability threshold increases with @asing frequency. Thus, to optimize
the EBWH experiment, the decrease of the heating frequeaicybe recommended. It leads
additionally to the broadening of the accessibility windbence simplifying the design of the
experiment. Unfortunately ion and electron temperatunethé UHR are decreased at lower
frequencies due to the UHR shift to the plasma peripheryt @ivas the reverse tendency to
the threshold behaviour, which however can be expected tovbeeome by minor heating
power deposition in the UHR vicinity.

Conclusion

Generation of lower hybrid waves has been observed in EBWrgeexperiments on MAST
for the first time. Theoretical study of corresponding derestability of the pump wave in-
duced backscattering was performed. The threshold poweresi@mated for typical parame-
ters in MAST. It was shown that the backscattering parametcay instability can arise only
if the pump power exceeds 80 kW in any beam, so there is anatidicof substantial coupling
of the microwave power to the UHR in the MAST experiment.
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