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Abstract
The capability of Doppler reflectometry to determine the perpendicular velocity and the kspectrum of the density fluctuations has been studied using two-dimensional full-wave codes
in X and O mode. The numerical results show that the Doppler frequency can be obtained
with high accuracy for broad ranges of antenna tilt angles and turbulence levels. However,
the efficiency of the backscattering process depends on the probed wave-number, which
must be taken into account in the evaluation of the wave-number spectra.
I. Introduction
Doppler reflectometry measurements have been carried out in different fusion experiments
in order to measure the perpendicular velocity [1-3] and the k-spectrum of the turbulencelike density fluctuations [3]. An important issue is the dependence of the reflectometer
response on a finite level density turbulence as well as the antenna geometry. This requires
the use of a full-wave code to solve Maxwell´s equations in the magnetized plasma. Previous
numerical simulations performed using a two-dimensional full-wave code in X-mode [4]
showed that Doppler measurements require an optimized antenna system to minimize the
errors in the determination of the perpendicular velocity of the turbulence [5]. Those studies
also showed that the amplitude of the Doppler spectra, related to the efficiency of the
backscattering process, depends on the probed wave-number. In this work we present a
systematic study carried out to determine the performance of the Doppler reflectometry
efficiency on probed wave-numbers and turbulence levels.
II. Numerical simulations characteristics
In our simulations we consider a constant magnetic field ( B = 1 T) and a plasma slab with a
linear density profile ( ∇n = 2.5 ⋅ 10 20 m-4). The density distribution is:
n~e ( x, y , t ) = ne ( x, y ) ⋅ [1 + δ ne ( x , y , t ) ]
δne ( x , y , t ) =

σ
σ SD

∑ a(k

⊥

) sin( k ⊥ ( y − v p t ) + ϕ random ( k ⊥ , t ))

(1)
(2)
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where ne ( x, y ) is the averaged linear density profile and δne ( x, y, t ) takes into account the
turbulence. We consider 48 poloidal modes k ⊥ equally spaced within the wave-number
range 0 < k ⊥ / k 0 ≤ 1.2 . The k ⊥ -spectrum of the turbulence is essentially flat with
coefficients a(k ⊥ ) =1. The random phase terms ϕ random (k ⊥ , t ) are uniformly distributed
between ± π . The summation in (2) is normalized by the standard desviation σ SD and the
variation of σ / σ SD results in rms values from 0.1% ≤ δne / ne ≤ 10% . To avoid the
deleterious effects of the wave-front curvature [5] the antenna system is modelled by a
monostatic high directivity Gaussian beam antenna at a tilt angle θ , which results in an
essentially plane wave-front. In these simulations the beam waist is 4.8 cm, the vacuum
wavelength is 7.5 mm (f = 40 GHz) and the nominal cut-off layer is at a distance of 8 cm
from the beam waist position.
III. Numerical simulations results
Two separate sets of simulations were undertaken: First, the antenna tilt angle is kept
constant and the turbulence level is varied from 0.1% ≤ δne / ne ≤ 10% ; second, the
turbulence level is kept constant and θ is varied from 8º to 30º .
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Figure 1. Complex amplitude spectra obtained
with θ = 18º and k ⊥ / k 0 = 0.618 for different
rms values of the turbulence from 0.5% to 10%.
The four spectra have the same vertical scale.

Figure 2. Normalised spectral width as a
function of the rms level for 4 tilt angles.
(8º,14º,22º,30º).

In figure 1 we show the complex amplitude spectra of the simulated signals obtained for
θ = 18º and different turbulence levels. The Doppler shifted structure characteristics are

obtained by fitting the non-symmetric part of the spectra with a Gaussian function
A p exp( −( f − f p ) 2 / ∆f 2 ) where A p is the amplitude of the Doppler peak, f p is the Doppler

peak frequency, and ∆f is the spectral width. The Doppler shifted peak is located close to
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the expected position f p = f D = k ⊥ v p 2π irrespective of the turbulence level. This result
holds when the tilt angle is varied from 8º to 30º. The important result is that over the range
of turbulence levels and antenna tilt angles studied, the error in determining the
perpendicular velocity of density fluctuations is lower than 5%. Figure 2 shows the
normalized spectral width ∆f / f D obtained from the Gaussian fits of the spectra. This figure
shows that the spectrum broadening is influenced by the turbulence amplitude. Similar
results were obtained with an analytical model in [6]. Two possible mechanisms may be
responsible for the deterioration of the spectral resolution with increasing turbulence level:
the broadening of the microwave beam due to high turbulence and the temporal modulation
of the microwave beam, which also broadens the frequency spectrum. Figure 3 shows the
Doppler peak amplitude of the spectra for different turbulence levels in the range
0.1% ≤ δne / ne ≤ 10% (θ = 8º , i.e. k ⊥ / k 0 = 0.28 ).
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Figure 3. Doppler peak amplitude versus the rms
value of the turbulence. The antenna tilt angle is
8º and k ⊥ / k 0 = 0.28
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Figure 4. Log-Log plot of Dopper peak
amplitude as a function of k ⊥ / k 0 for different
turbulence levels.

One observes a linear dependence between the Doppler peak amplitude and the turbulence
level if the ratio δne / ne is below 2 %. In this regime, the Doppler peak amplitude can be
used as a monitor of the turbulence level. Above this value, the dependence is not longer
linear and the Doppler peak amplitude saturates when δne / ne is above 7%. In this regime,
the Doppler peak amplitude does not reflect the changes in the turbulence level. The same
result holds for the squared root of the frequency integrated power spectra. The saturation is
due to multiple scattering of the microwave beam from the density fluctuations and (as a
result) partial screening of the region close to the cut-off layer. Figure 4 shows a Log-Log
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plot of the Doppler peak amplitude of the spectra versus the normalised wave-number for
five values of the turbulence level ( δne / ne = 0.1, 0.5, 2, 4.8 and 10 %). It shows that the
backscattered power depends not only on the rms value of the turbulence but also on the
probed wavenumber. Figure 4 shows a slight increase at low wave-numbers ( k ⊥ / k 0 ≤ 0.6 )
and then a decrease at large wave numbers ( k ⊥ / k 0 ≥ 0.6 ). The same trend is observed for
the squared root of the frequency integrated power spectra. The results appear to be
independent of the turbulence level. We have done additional simulations including a radial
wave-number spectrum to the density fluctuations. First, we added 6 radial modes equally
spaced within the range − 0.36 < k r / k 0 ≤ 0.36 , then we added 48 radial wave-numbers
equally spaced within the range − 1.2 < k r / k 0 ≤ 1.2 . In both cases, the results do not change
significantly and the same dependence of Doppler peak amplitude on k ⊥ / k 0 is observed.
IV. Conclusions
An important result of the numerical simulations is that using Gaussian beams with
optimized spot size the frequency of the Doppler shifted structure is in good agreement with
the Doppler shift given by f D = k ⊥ v p 2π irrespective of the turbulence level. Therefore, the
perpendicular rotation velocity of the density fluctuations can be measured with high
accuracy using Doppler reflectometry. Care must be taken in determining the level of density
fluctuations from measured power spectra. The decreasing of the Doppler peak amplitude at
large probed wave-numbers must be taken into account in the evaluation of the wavenumber spectrum of the density fluctuations.
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