
given by the expressions reported in the viewgraph 

In (a) the growth rate of IBW due to RE drive (red dots), the collisional 
damping due to ions (blue dots) and electrons (green dots) and the 
cyclotron damping (dashed lines) vs. the wave frequency, for 𝑁∥ = 1.0022. 
In (b) and (c) the net growth rates are shown as functions of the parallel 
refractive index and the wave frequency in the ranges where the IBW are 
driven unstable by RE within the interval 80-100 MHz considered. We note 
that, although the calculated WW growth rates are a factor three larger than 
IBW, almost constant in the overall range 80-100 MHz, the relevant 
perpendicular group velocity are two orders of magnitude larger, namely 
about 0.02 c. The ray-tracing analysis indicates that single-pass 
amplification of WW is negligible compared to IBW, since the WW 
quickly escape from the region where the RE interaction occurs. Their 
amplification, as suggested in [6] would require multiple reflection at the 
edge. The relevant analysis, however, should be performed by full-wave 
codes, since the eikonal theory is not valid in the region of edge reflections. 
In addition, wave power transmission to electromagnetic modes 
propagating towards the wall might introduce significant power losses. 
Scattering off edge density fluctuations should be also considered.   

We also observe that discrete line emissions might be produced by WW, as suggested by full-wave analysis performed in [2], [3], due to 
power accumulation produced by the finite geometry of the vacuum vessel. However, this effect might result in almost random 
distribution of the frequency gaps among the line emissions. Conversely, IBW excitation naturally provide almost constant gaps, 
consistently with the observations.  Therefore, we limit the analysis of finite wave energy density evolution to the IBW.

Finally, the energy density of the wave packet is given at  the time step  tn by
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The Jacobian, the net growth rate and the above integral are calculated numerically, after mapping all the rays on the same time grid from 0 to tn  

Ray-tracing of IBW packets with 𝑁∥ = 1.0022, 𝜂 
from  0𝑜 to 1.0𝑜 in steps of 0.1𝑜, for 86.5 MHz (red)
87.0 MHz (yellow) and 87.5 MHz (white). Dashed, red 
lines correspond to 𝜓# = 0.25,	 and 𝜓# = 0.9. A+, red
mark indicates the position of the magnetic axis. 

(a)

(b)

(c)

Finite amplitude IBW driven by RE and emerging from the thermal noise

The amplification and saturation of IBW packets has been evaluated considering  
1.0	%	𝑛0.	peak RE concentration on axis, with distribution 𝑓(𝐸, 𝜇). The RE current
is thus 82.5 kA, namely about 38% of the plasma current 𝐼1 = 214 kA. 

Amplification and saturation of IBW packet 
with frequency around 87 MHz  

The IBW packet originates from thermal noise at 𝑟. = 𝑟2345 − 1.0	cm, 𝑧. = 𝑧2345. 
The frequency range is 86.5 MHz – 87.5 MHz with 0.1 MHz steps, 

𝑁∥ = 1.0015 − 1.0030 with 0.0005 steps, 𝜂 from  0. to 1.0. in steps of 0.1.

Contour plot of the the function 𝑔 𝐸, 𝜃 = 𝑓(𝐸, 𝑐𝑜𝑠 𝜃)/ 𝑛𝑏. 
A linear profile of the RE density 𝑛𝑏 vs 𝜓𝑁 is assumed,
 peaked on axis at 𝑛𝑏𝑜 and zero at 𝜓𝑁 = 0.25.
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Conclusions
Linear stability analysis suggests that RF line emissions 
detected by in-vessel antenna in TCV SN 86969 in the range 
80-100 MHz might be due to IBW packets originated from the
thermal noise and amplified by interaction with RE at the 
Cherenkov resonance. Line emissions at around 87 MHz and 
98 MHz, corresponding to the 8th and 9th harmonics of the 
deuteron cyclotron frequency are predicted by the modeling 
and observed in the experiment. Finite amplitude IBW are 
evaluated, considering the propagation and amplification of 
wave packets emerging from thermal fluctuations, based on 
the eikonal theory. Single pass amplification of IBW packet at 
frequency around 87 MHz is obtained. A saturation level of 
60-65 dB above the thermal noise, is reached in a time interval 
of the order of 10 µs.  Further work is necessary to obtain a 
statistics of IBW packets, in particular concerning their origin 
in space and detailed frequency spectra should be evaluated. 
Qusilinear diffusion should be considered to evaluate the 
evolution of RE distribution function consistently with IBW 
amplification. 

Nonlinear excitation of WW via inverse Landau damping of IBW should be evaluated, possibly  explaining the presence of line emissions with half-integer 
ion cyclotron frequency gaps observed in the spectrograms. An effect of ion heating by collisional and cyclotron damping, suggested by the modeling 
results as occurring near cyclotron harmonics resonances of IBW with deuterons should be confirmed and compared with experimental observations.
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Note that complete IBW absorption is considered for rays 
crossing deuteron cyclotron harmonics resonances [8]


