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Abstract
The mean tilt angle of turbulent structures is a key element for describing the turbulence and its
interplay with plasma flows in magnetically confined plasmas. It is a quantity predicted by
theories and gyrokinetic simulations, which can provide information on the type of the dominant
micro-instability, and also on the turbulence anisotropy induced by sheared flows. A new method
for measuring the tilt angle of turbulent structures using Doppler reflectometry has been recently
introduced (Pinzón et al 2019 Nucl. Fusion 59 074002). It is based on the time delay of the
cross-correlation between microwaves backscattered at radially displaced positions. In this
paper, the method is presented in detail and is successfully applied on the ASDEX Upgrade
tokamak and the TJ-II stellarator. Measurements of the tilt angle in the core of both machines are
reported, in the TJ-II case, for the first time.

Keywords: plasma turbulence, plasma diagnostics, Doppler reflectometry

(Some figures may appear in colour only in the online journal)

1. Introduction

Turbulence contributes significantly to the transport of energy
and particles in magnetically confined plasmas, limiting the
energy confinement time and thus the plasma performance in
experiments. Accordingly, the understanding of turbulence
dynamics in fusion plasmas is important for optimizations of
present experiments and design of future fusion reactors [1].
Recent developments of theoretical models and gyrokinetic
simulations have made detailed predictions of turbulence

properties possible [2–4]. However, this progress has to be
accompanied by exhaustive comparisons with fluctuation mea-
surements, which are fundamental for the validation of models
and codes [5–8]. Improvements of fluctuation diagnostics have
enabled comprehensive comparisons that have contributed to a
better understanding of specific aspects of turbulence and
transport in experiments [9–11]. Nevertheless, despite of the
large progress in this field, more detailed fluctuation measure-
ments are still required for comparisons of specific aspects.

The turbulent fluctuations of the plasma parameters, in
particular the electron density n, lead to the formation of tur-
bulent structures or eddies. Given the complexity of fusion
plasmas characterized by strong magnetic fields, the radial
variation of the plasma parameters and sheared plasma flows,
turbulence is not isotropic. Accordingly turbulent structures are
elongated and tilted. The mean structure tilt indicates the tur-
bulence anisotropy which is a relevant ingredient commonly
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invoked in theories and models. The tilt is a key parameter for
characterizing the interaction between turbulence and plasma
flows constituting a strongly coupled system [12–14]. Turbu-
lence can excite flows via the Reynolds stress mechanism,
which requires elongated and systematically tilted turbulent
structures [15, 16]. Complementary, sheared flows can tilt and
stretch structures leading to a reduction of the turbulence level
[17, 18]. The micro-instabilities responsible for driving turbu-
lence have a global structure which is tilted depending on the
radial shearing of the plasma parameters [19, 20].

The fast dynamics of particles along the magnetic field B
smooths out fluctuation in this direction, hence in this paper,
turbulent structures are described on the radial-perpendicular
plane. As usual, the radial (r) direction is defined normal to
the magnetic flux surfaces, and the perpendicular (⊥) direc-
tion is tangential to the flux surfaces and perpendicular to the
magnetic field B. The tilt angle of turbulent structures θturb is
defined with respect to the radial direction.

The tilt angle is a quantity predicted by theories and
simulations. In [17] and [19], an estimate of the tilt angle was
obtained using the linear ballooning theory, which showed
the dependence of the tilt angle on the radial profiles
of plasma parameters and on the E×B flow shear. In
[20], differences of the tilt angle were found using global
gyrokinetic simulations for different types of dominant micro-
instabilities, e.g. the ion-temperature-gradient or the trapped-
electron modes. Moreover, in the same reference the role of
the tilt angle in determining the residual stress contribution to
momentum transport was demonstrated with fluid models. In
[21], the experimentally obtained intrinsic toroidal rotation on
the ASDEX Upgrade tokamak was reproduced by including a
finite tilt angle in local gyrokinetic simulations.

Despite of the strong physical interest in the tilt angle, its
direct measurement remains challenging, especially in the
confined region of fusion plasmas. The tilt of turbulent
structures was measured in the scrape-off layer using gas puff
imaging [22, 23], Langmuir probes [24, 25] and beam
emission spectroscopy [26, 27]. Recently, a new method for
measuring the tilt angle of turbulent structures was introduced
[28]. It is based on Doppler reflectometry and therefore, is
non-invasive and applicable in the core region of fusion
plasmas, where it was used to demonstrate the effect of
sheared E×B flows in different turbulence regimes. In this
paper, the new technique is presented in detail and its
applicability to general experimental conditions is discussed.
Furthermore, the method is applied on the ASDEX Upgrade
tokamak and on the TJ-II stellarator. Measurements of the tilt
angle in the core region of both machines are provided.

Doppler reflectometry is an established diagnostic tech-
nique used for the characterization of density fluctuations and
flows in magnetic confined plasmas [29–34]. It uses an
obliquely injected microwave beam which propagates in the
plasma and is reflected at the so-called cutoff layer, where the
electric field of the microwave is maximum and hence
backscattering at density fluctuations is strong. This provides
the diagnostic with a good spatial localization of measure-
ments at perpendicular wavenumber k⊥ fulfilling the Bragg
condition, = -k̂ k2 i where ki is the wavenumber of the

probing wave at the cutoff. The frequency Doppler shift fD of
the backscattered signal provides the perpendicular velocity
of density fluctuations
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which is a combination of the E×B drift and the turbulence
phase velocities; = +^ ´u u vE B ph. Furthermore, the back-
scattered power gives information on the k⊥ resolved fluc-
tuation level. It has been shown that for low turbulence levels,
in the so-called linear regime, the signal is proportional to the
fluctuation amplitude [35]; whereas for large fluctuation
levels, multiple scattering events introduce deviations in the
co-called nonlinear regime [36, 37].

The radial structure of the density fluctuations has been
investigated by using two microwave beams probing at
radially displaced positions. The probing frequency of one
beam (referred to as the reference channel) is fixed keeping a
constant measurement position, while the frequency of the
other (hopping channel) is scanned, producing a radial var-
iation of the measurement position. In this technique, often
called radial correlation Doppler reflectometry [38–40], the
correlation level of the two reflectometer channels is analysed
as a function of the radial separation of the measurement
positions Δr. The 1/e-decay length is used as an estimate of
the radial correlation length Lr of the density fluctuations.

The cross-correlation function between the Doppler
reflectometer signals is:
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where Vref hop is the reflectometer signal of the reference/
hopping channel and τ is the time lag of the cross-correlation.
á ñ· stands for the time average and * means complex conjugate.
The dependence on the radial separation Δr has been explicitly
written. In the standard radial correlation technique, the max-
imum of tDC r ( ) is regarded for estimations of Lr [38, 39]. In the
present paper, the time delay τmax at maximum cross-correlation
and geometrical considerations are used in order to provide a
measurement of the tilt angle of the turbulent structures.

This paper is organized as follows: in section 2 the mea-
surement method of the tilt angle is developed for a synthetic
turbulent field and assuming a simplified diagnostic response.
Diagnostic effects on the tilt angle measurement are discussed
at the end of the section. In section 3 the influence of the
temporal decorrelation of the turbulence is discussed; an
associated correction factor important for interpretation of
experimental data is derived. In sections 4 and 5 the method is
applied on the ASDEX Upgrade tokamak and on the TJ-II
stellarator, respectively. In section 6 the summary is presented.

2. Measurement method

The method for measuring the tilt angle of turbulent structures
is presented in slab geometry and for synthetic turbulence. In

2

Plasma Phys. Control. Fusion 61 (2019) 105009 J R Pinzón et al



slab geometry the Cartesian coordinates x, y and z are related
to the radial, perpendicular and magnetic field directions in
fusion plasmas, respectively. The slab geometry is a local
approximation to fusion plasmas commonly used for
modelling and simulation of Doppler reflectometry [37, 41].
A two-dimensional turbulence with a Gaussian wavenumber
spectrum is considered. It produces elongated and tilted
structures. In this section, the tilt angle is obtained from the
time delay of the cross-correlation function of Doppler
reflectometry measurements. A simplified diagnostic response
is assumed, though geometrical effects of the beam propa-
gation are considered. At the end of the section, further
diagnostic effects are discussed.

2.1. Turbulence model

Gaussian spectra are commonly used in theory [36, 41] and
simulations [37, 42] of Doppler reflectometry. They exhibit a
spectral decay with the wavenumber as qualitatively expected
for real turbulence, are suitable for analytical calculations,
and produce turbulent fields with well defined statistical
properties.

Given the fast dynamics along the magnetic field, tur-
bulence is defined on the x and y coordinates in the slab case.
Accordingly, the wavenumber spectrum is defined on the kx
and ky coordinates. In order to include anisotropy in the
model, a two-dimensional elongated and tilted Gaussian
spectral amplitude is chosen:

p
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where θturb gives the tilt of the spectrum with respect to the
ky-axis, and ℓmax and ℓmin are lengths that define the spectral
widths. The physical meaning of these lengths and the com-
plex phase of h will be discussed below. The contour plot of
h∣ ∣ for ℓmax=1.40 cm, ℓmin=0.51 cm and θturb=20° is
shown in figure 1(a). Elongation and tilt can be recognized.

This type of wavenumber spectrum has been used in [37]
for investigations of the linearity of Doppler reflectometry
measurements.

The turbulent field of density fluctuations δn(x, y) is the
inverse Fourier transform of h(kx, ky):

d = +n x y k k h k k, d d , e . 4x y x y
k x k yi ix y∬( ) ( ) ( )

For the analytical calculations, all the integrals are performed
over the range -¥ ¥,( ). For numerical applications the
turbulent field δn(x, y) is computed by a 2D fast Fourier
transform of h(kx, ky) over a finite domain after including
random phases f:

= fh k k h k k, , e . 5x y x y
k ki ,x y( ) ∣ ( )∣ ( )( )

The resulting turbulent field is dimensionless and has a rms
value of 1; moreover its mean value has been set to zero. This
normalization is convenient for the following correlation
analysis, nevertheless other normalizations can be used in
order to include the turbulence level and proper physical
dimensions [37].

A sample contour plot of the turbulent field is shown in
figure 1(b) for the wavenumber spectrum from figure 1(a).
Elongated and tilted turbulent structures can be observed. On
average, the structures are tilted by q = 20turb with respect to
the x-axis. The average size along the major and minor axes is
ℓmax and ℓmin, respectively. It will be shown next that these
two quantities correspond to the widths of the correlation
function along the principal axes. The ratio ℓmax/ℓmin defines
the elongation of the turbulent structures, which for the
depicted case is 2.745.

2.2. Cross-correlation function

Here the turbulent field is characterized assuming its local
(point like) measurement. This is a reasonable approximation
to Doppler reflectometry measurements given their good
spatial localization, moreover it is suitable for developing the
method. The reflectometer signal when probing at (x, y) is
taken proportional (linear) to the density fluctuation ampl-
itude at the measurement position

d=V x y n x y, , . 6( ) ( ) ( )

Figure 1. (a) Two-dimensional wavenumber spectrum h(kx, ky) from equation (3) and (b) a sample of the turbulence field δn(x, y) for
ℓmax=1.40 cm, ℓmin=0.51 cm and θturb=20°. Elongated and tilted turbulent structures are obtained.

3

Plasma Phys. Control. Fusion 61 (2019) 105009 J R Pinzón et al



Diagnostic effects related to the finite scattering volume,
contributions different from the cutoff, and a nonlinear
response will be discussed at the end of the section.

The turbulence advection by perpendicular plasma flows
results in a time dependence of the reflectometer signals.
Since the perpendicular velocity u⊥ is held constant, it pro-
vides the equivalence y= u⊥t that allows to link directly the
y-coordinate to time. Thus the y-dependence of δn is
equivalent to a time dependence of the reflectometer signal.
The previous relationship assumes the turbulence frozen in
the plasma frame neglecting any intrinsic dynamics of the
turbulence. Deviations from the frozen turbulence will be
discussed in section 3.

Following equation (2), the cross-correlation function of
the reference and hopping channels probing at x and x+Δx,
respectively, is

ò d dD = + D + DDC x y y n x y n x x y y, d , , . 7x *( ) ( ) ( ) ( )

An appropriated normalization of the turbulent field is chosen
such that no denominator is required. Given the frozen tur-
bulence approximation, the displacement Δy is translated into
the time lag of the cross-correlation τ=Δy/u⊥.

The cross-correlation function is computed for the
synthetic turbulent field shown in figure 1(b) at an arbitrary x
position. The results are plotted in figure 2(a) for several
separations of the channels Δx in different colours. In all
cases a peak is observed, which decreases and moves to
positive Δy values when Δx increases. The correlation

function is characterized with its maximum Cmax, position of
the maximum Δymax, and width Ly. The three quantities are
indicated in figure 2(a) for the Δx=0.72 cm curve in red.
Note that DD =C x y,x 0 ( ) (blue) is the autocorrelation function.

The decrease of the correlation level Cmax with Δx is due
to the spatial decorrelation of the turbulence in the x direction.
Commonly, radial correlation Doppler reflectometry analyses
the dependence of Cmax on Δx for estimating the radial cor-
relation length of the turbulence [38, 39, 42]. In contrast, this
paper investigates the time delay between the signals defined
as τmax=Δymax/u⊥ for measuring the tilt angle of the tur-
bulent structures.

Figure 2(b) shows the position of the maximum correla-
tionΔymax (or equivalently the time delay) as a function ofΔx.
Symbols depict the results from the synthetic turbulence and
the error bars indicate the standard deviation when considering
different reference positions x. The solid line depicts an ana-
lytical prediction which will be discussed later. Δymax shows a
linear behaviour Δymax=mΔx characterized with a slope m.

The linear behaviour of Δymax or of the time delay is
induced by the tilt angle of the turbulent structures. This is
schematically shown in figure 3 where three schematic
structures with different tilt angles are displayed. The mea-
surement points are depicted by black symbols, the square
indicates the reference. A counter-clockwise tilted structure
(purple) is seen earlier by the reference channel, resulting in a
positive time delay that increases with Δx, and gives a
positive slope m. On the contrary, a clockwise tilted structure
(red) is seen later by the reference channel giving a negative
time delay and m value. If the structure is not tilted and
therefore aligned with the measurement points, the time delay
and m are zero.

Radial propagation of the turbulent structures (propaga-
tion in the x-direction in slab geometry) would introduce
further contributions to the time delay not related to the tilt
angle. Nevertheless the main dynamics of the turbulence

Figure 2. (a) Cross-correlation function DDC x y,x ( ) for different
separationsΔx. The definitions of Cmax, Ly andΔymax are illustrated.
(b) Position of the maximum of the cross-correlation Δymax as a
function of the separation Δx. The slope m is indicated. The solid
line depicts the analytical results from equation (14).

Figure 3. Schematics illustrating the effect of tilted turbulent
structures propagating with velocity u⊥ on the time delay.
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occurs in the perpendicular direction and is given by the
E×B and phase velocities [29, 43, 44]. Even if structures
propagate radially, only minor corrections to the time delays
are expected as long as the radial velocity is much smaller
than the perpendicular one. This condition will be further
discussed based on experimental results in section 4.2.

2.3. Quantitative relationship between tilt angle and time delay

In order to relate numerically the slope m (see figure 2(b)) to
the turbulence characteristics and in particular to the tilt angle
θturb, the cross-correlation function is analytically computed
for the wavenumber spectrum of equation (3).

For the following analytical calculations it is suitable to
integrate equation (7) along x:

d dD = + D + DDC y x y n x y n x x y yd d , , . 8x *∬( ) ( ) ( ) ( )

Its results are equivalent to those of equation (7) for a sta-
tistically homogeneous turbulent field. Moreover, it is con-
venient because it provides the 2D correlation function of the
turbulent field.

Inserting equation (4) into (8) yields the correlation
function of turbulence with wavenumber spectrum h:

D =D
D + DC y k k h k kd d , e , 9x x y x y

k x k y2 i ix y∬( ) ∣ ( )∣ ( )

which corresponds to the inverse Fourier transform of h 2∣ ∣ .
Equation (9) allows to link quantitatively the characteristics of
the correlation function to the wavenumber spectrum of the
turbulence.

The correlation function of the Gaussian wavenumber
spectrum in equation (3) is computed using equation (9). In
this case a 2D Gaussian is obtained,

q q
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The correlation function defines the shape of the average
turbulent structure, which is elongated and tilted by an angle
θturb with respect to the x-direction. Furthermore equation (10)
shows that ℓmax and ℓmin are correlation lengths along the
major and minor axes, respectively.

It is useful to write equation (10) as
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For each Δx, equation (11) gives a Gaussian peak with
amplitude Cmax, width Ly, and centred at Δymax=mΔx,
which is in agreement with the cross-correlation function
depicted in figure 2(a). Lx and Ly are the correlation lengths in
the x- and y-directions, respectively. The linear dependence
with m predicted from equation (14) has been depicted by a
solid line in figure 2(b). A good match to results of synthetic
turbulence data (symbols) is obtained.

If L L,x y and m are known, the system of equations (12)–
(14) can be inverted for obtaining the parameters character-
istic of the turbulence: ℓmax, ℓmin, and θturb. Nevertheless
accurate and simultaneous measurements of Lx, Ly and m are
challenging and impractical in experiments. In the following,
the use of m only for the determination of the tilt angle is
assessed.

The slope m computed with equation (14) is shown in
figure 4 for a scan of the tilt angle qturb and three values of
elongation ℓmax/ℓmin. The red symbols are results of synthetic
turbulence for the same elongation as in figures 1 and 2. The
agreement between the analytical expression and the synthetic
data confirms the dependence of m on the turbulence para-
meters given in equation (14). For all three cases and small
θturb, m increases as the structure’s major axis misaligns with
respect to the x-axis, whereas for finite elongation and θturb
close to 90°, m decreases as the structure’s minor axis aligns
with the x-axis. As a result of these behaviours, m has a
maximum whose position depends on the elongation. For the
three cases, it is in the range 65°–75°.

Since m increases with the tilt angle in a broad θturb
range, m can be used to estimate directly the tilt angle. The
bracket term in equation (14) can be approximated by 1 in the
limit of large elongation (ℓmax/ℓmin ? 1) obtaining,

q»m tan . 15turb ( )

This approximation is depicted in figure 4 by a dotted black
line. For small qturb, it gives a reasonable approximation to the

Figure 4. Slope m as a function of the tilt angle θturb for different
turbulence elongation ℓ ℓmax min values. Data obtained from synthetic
turbulence (red symbols) are in agreement with the results of
equation (14).
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other curves, hence equation (15) can be used to obtain the tilt
angle, however the accuracy and range of validity of this
approximation depends on the elongation ℓmax/ℓmin. For a
tolerance of 5° (grey shadowed area), in the ℓmax/ℓmin=2.7
case it is valid up to 33°; whereas for ℓmax/ℓmin=4.0 the
approximation is more accurate and the validity range
increases to 54°. For larger q q, tanturb turb is above the exact
solution hence the tilt angle one would obtain with
equation (15) is underestimated. For θturb close to 90° the
approximation fails since arbitrarily large m are predicted,
nevertheless this case corresponds to structures aligned along
the flux surfaces which is unlikely [19]. It is concluded that
equation (15) allows to obtain the tilt angle for reasonable
elongation and tilting values.

2.4. Perpendicular displacement effect

Equations (7) and (8) assume that both Doppler channels are
measuring at the same y-position. As a consequence,
equation (15) considers contributions to the time delay
coming only from the structure tilt. This is valid only for
normal incidence where the measurement positions are
radially aligned. However, due to the oblique angles of
incidence used in Doppler reflectometry, the radial scan
results also in a perpendicular displacement of the mea-
surement position. This is shown in figure 5(a) where rays
for different probing frequencies in slab geometry are
depicted. The measurement positions of the reference and
hopping channels are indicated with a square and circles,
respectively. The change in the radial position Δx causes a
perpendicular displacement Δyray of the measurement
position.

For a small cutoff separation the measurement points are
aligned along a straight line defining an angle Θray with
respect to the x-axis which fulfils

D = Q Dy xtan . 16ray ray( ) ( )

The geometrical definition of Θray is shown in the zoom in
figure 5(b). The upper and right axes indicate Δx and Δy,
respectively.

The perpendicular displacement of the measurement
points introduces an extra contribution to Δymax and therefore
to m. This extra contribution results from geometrical con-
siderations as shown in figure 5(b). The measurement posi-
tions are depicted by red points and a schematic turbulent
structure is shown with the blue contour. The measurement
Δymax (indicated with a black line) is the sum of contributions
from the ray displacement Δyray=Δx tanΘray (red line) and
the structure tilt Δx tan θturb (blue line). Therefore

q= - Qm tan tan . 17turb ray ( )

Concluding, it is important to consider the perpendicular
displacement of the measurement positions, which has an
impact on Δymax (hence on the time delay τmax) and m.
Equation (17) is the basis of the measurement method of the
tilt angle. For specific applications, the signs of the different
terms have to be adjusted to the sign convention of time
delay, angle and velocity. In section 4.2, this equation will be
used for analysing the experimental data and for obtaining the
tilt angle.

2.5. Discussion of diagnostic effects

The method previously presented assumes point like and
linear measurements of density fluctuations (see equation (6)).
This supposes a large simplification of the diagnostic
response of a Doppler reflectometer which is known to be
complex [29, 37, 41, 42]. Here, the implications and validity
of such an approximation are discussed, as well as possible
limitations to the applicability of the method.

Contributions to the Doppler reflectometer signal come
from a rather extended scattering region close to the cutoff,
where the electric field of the probing wave is maximum. The
size of such a region along the radial direction defines

Figure 5. (a) Rays of the reference and three hopping Doppler reflectometry channels in slab geometry. The measurement positions are
indicated with a square and circles. Δx and Δyray are depicted for one case. (b) Zoom showing schematically the effect of the vertical
displacement of the measurement positions on the Δymax measurement. Refer to the text for more details.
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the radial resolution of the diagnostic which is typically in
the mm range. Along the perpendicular direction, the size of
the scattering region is approximated by the beam width w at
the cutoff, which is typically of the order of few cm and is an
important parameter defining the spectral resolution of the
diagnostic [29]. In the appendix, an extended scattering region
and the k̂ selectivity have been considered for the calculation
of the cross-correlation function. It is concluded that the time
delay and slope m remain unaffected if the radial correlation
length Lx is larger than the radial resolution δr. Moreover, it has
been verified in the appendix that for Gaussian wavenumber
spectra the k⊥ selectivity has no impact on the correlation
analysis. Nevertheless, deviations from Gaussian [9, 45] may
induce a dependence of the mentioned quantities with k⊥.
Furthermore, micro-instabilities at different scales (k⊥) may
drive turbulence with different characteristics. In this paper,
turbulence characteristics as the tilt angle are regarded as
averaged on the experimentally measured k⊥ range. The study
of more general spectral shapes as well as k⊥ dependence of
the correlation measurements are left for future work.

Although the backscattering at the cutoff provides the
strongest component of the Doppler reflectometry signal,
scattering along the beam path also contributes. Albeit small
in amplitude, this component often called forward or small
angle scattering in literature, may have an important impact
on the correlation analysis [36, 41]. Forward scattering may
provide significant correlation values at large radial separa-
tions for which no correlation is expected from the cutoff
contributions. This effect produces a slow decay of the cor-
relation function predicted in theory [41] and observed in
simulations [42]. The impact of forward scattering can be
minimized by restricting the analysis to small radial separa-
tions with high correlation levels only, for which the back-
scattering at the cutoff is the dominant contribution to the
cross-correlation function. In this paper, cases with correla-
tion level above 0.6 are only considered.

Another contribution to the Doppler reflectometer signal is
provided by the direct reflection which may be collected by the
antenna. This component often called zero-order, is not Dop-
pler shifted [29, 46]. This contribution may corrupt the corre-
lation analysis and hence the measurement of the tilt angle.
Nevertheless, it can be excluded from the analysis by filtering
out small frequency components of the Doppler signal.

Finally, the method assumes the reflectometer signal
proportional to the density fluctuations. This corresponds to
the linear regime in which the reflectometers signal is built by
single scattering contributions [37]. The linear regime is
expected for small turbulence level, e.g. in the core of fusion
plasmas. Nevertheless for increasing turbulence level, a
transition into the nonlinear regime is expected, e.g. in the
scrape-off layer. The transition into nonlinear regime has been
widely investigated in literature [9, 36, 37, 39, 42]. Moreover,
it has been shown that the nonlinear regime is produced by
multiple scattering events from different wavenumbers [37],
which are poorly correlated and may degrade the cross-cor-
relation function. Accordingly, full-wave simulations have
obtained a reduced correlation level in the nonlinear regime
[42]. Therefore the applicability of the method in the

nonlinear regime seems unrealistic, though this is still to be
confirmed by detailed nonlinear studies in the future, e.g.
using full-wave simulations.

3. Temporal decorrelation of the turbulence

Until now, frozen turbulence has been assumed in the tilt
angle measurement method. This is a valid assumption if the
turbulent structures do not change appreciably while they
propagate through the scattering region where the Doppler
reflectometry measurements are performed. This condition
may not be fulfilled in general due to the self-dynamics of the
turbulence responsible for creation, mutation and destruction
of structures in the plasma frame. The time scale characteristic
for these processes is given by the turbulence decorrelation
time τd. It is of the order of few μs in fusion plasmas and can
be interpreted as the mean life time of turbulent structures. In
this section, the effect of the turbulence decorrelation is
considered including a Gaussian correlation function in time
[47], and a correction factor applicable to the characterization
method accounting for such effect is derived. At the end, a
more realistic correlation function is discussed [48].

The cross-correlation function for a given radial separa-
tion Δx and considering the decorrelation time of the turbu-
lence is
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where the time lag τ has been explicitly used. The first two
terms correspond to the correlation function for the frozen
turbulence case as in equation (11), where Cmax and Δymax

are defined by the 2D structure of the turbulence
(equations (12) and (14)). The beam width w has been used
instead of Ly because, different to the point like measurement,
the extension of the scattering region defines to a large extend
the width of the cross-correlation function (see appendix).
The last term in equation (18) includes a Gaussian correlation
function in time [47].

The correlation function tDC x ( ) is plotted in figure 6 for
w=4.0 cm, u⊥=1 km s−1 and Δymax=1.0 cm. Colours
indicate different τd values. The blue line for t  ¥d shows
a peak centred at t m= D =^y u 10 smax max as in the frozen
turbulence case. As τd decreases the peak becomes narrower
and moves closer to τ=0, implying a reduction of the
measured time delay τmax. This effect is small for
τd=119 μs (green line) with a time delay 10% shorter than
the one of the frozen case, whereas it is strong for τd=13 μs
(light blue line) with a time delay reduced by 90%.

It can be shown that tDC x ( ) from equation (18) is max-
imal at the time delay given by
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The first term gives the time delay expected from the frozen
turbulence case, and the second term is a correction factor Fd

related to the temporal decorrelation that reduces the
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measured time delay. It is relevant for t ^ w ud , that is if the
life time of the structure is smaller or comparable to its pas-
sing time in front of the beam w/u⊥.

The time delay reduction leads to an underestimation of
m. This effect can be included in equation (17) with the
correction factor Fd as follows:

q= - Qm F tan tan . 20d turb ray[ ( ) ( )] ( )

The impact of the decorrelation time in the experiments
can be assessed by comparing the passing time w/u⊥ with τd
measurements or estimates [47, 49]. For large plasma flow
velocities the passing time is substantially smaller than τd and
the temporal decorrelation has no impact, whereas for small
velocities the passing time is comparable to or larger than τd
and the correction factor Fd is needed in the analysis.
Equation (20) will be used in sections 4.3 and 5 for obtaining
the tilt angle.

Equation (19) relates the correction factor Fd with τd and
other experimental parameters. Nevertheless this numerical
relationship relies on several approximations i.a. Gaussian
correlation function in both space and time. The correlation
function of real turbulence may deviate from Gaussian and
resemble a Lorentzian function [48, 50]. The analysis presented
in this section has been repeated for a Lorentzian correlation
function in time. Although the results are qualitatively
equivalent, a smaller Fd has been obtained compared with the
Gaussian case; for τd=13 μs 50% difference has been
observed. Summarizing, equation (19) is accurate only for the
considered model and should be regarded only as a rough
estimate when applied to the analysis of experimental data.

4. Measurements on the ASDEX Upgrade tokamak

In this section, the tilt angle measurement method is applied
on the ASDEX Upgrade tokamak (AUG), which has major
and minor radii of 1.65 and 0.5 m. Two L-mode discharges in
the lower single null magnetic configuration, with 0.8 MA
plasma current and 2.5 T on-axis magnetic field are analysed.

In the AUG discharge #34930, auxiliary heating has been
provided by electron cyclotron resonance heating (ECRH,
1.5 MW) and neutral beam injection (NBI, 0.8 MW). In the
discharge #34631 only 1.5 MW of ECRH are applied. The
NBI is used in order to induce toroidal plasma rotation which
results in a higher u⊥ than in the ECRH only case. This allows
to apply the tilt angle measurement method on discharge
#34930 avoiding corrections due to the decorrelation time of
the turbulence. Discharge #34631 without NBI has low u⊥
and is used to investigate the effect of the temporal decorr-
elation of the turbulence on the measurements (see section 3)
at the end of this section.

The plasma density profiles for both discharges are
shown in figure 7(a). ρpol is the normalized poloidal flux
radius, which is 0 at the magnetic axis and 1 at the last closed
flux surface. The measurements depicted with symbols are
obtained from Thomson scattering [51] and lithium beam
diagnostics [52]. The solid lines depict the fits which are used
for ray tracing calculations with the TORBEAM code [53].

4.1. Experimental setup

Doppler reflectometry measurements have been performed
with the steerable mirror system installed in AUG [9, 54],
which allows to modify the angle of incidence of the probing
beam in the plasma during the discharge. Two V-band
reflectometry channels (50–75 GHz) probing in extraordinary
(X) mode polarization have been used. The reflectometers
have been developed by LPP and are similar to the systems
described in [55]. The reference channel probes three

Figure 6. Cross-correlation function from equation (18) for different
td values. The blue curve corresponds to the frozen turbulence case.

Figure 7. Radial profiles of (a) plasma density and (b) perpendicular
flow velocity for AUG discharges #34930 with ECRH and NBI,
and #34631 with only ECRH. The solid lines in (a) are the fits used
as input for the ray tracing.
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frequencies (50 ms each), and the hopping channel probes
10 frequencies around the reference one with 5 ms per
frequency. The same frequency pattern is used for four angles
of incidence of the probing beam. The probed radial range
is ρpol=0.70–0.84, and the perpendicular wavenumber
is in the range k⊥=3.0–9.0 cm−1. It corresponds to
k⊥ ρs=1.1–3.4 where r = m T eB2s i e ( ) is the ion Larmor
radius evaluated at electron temperature.

The u⊥ profile has been computed from the Doppler
reflectometry data. The results for both discharges are shown
in figure 7(b). For discharge #34930 an approximately con-
stant velocity of u⊥≈6 km s−1 is obtained. Discharge
#34631 has u⊥≈1 km s−1, which is considerably lower
because of the absence of torque input by NBI.

4.2. Tilt angle measurement

The time delay of the cross-correlation function is first
investigated experimentally for the AUG discharge #34930.
The results are analysed based on the modelling presented in
section 2, allowing for the measurement of the tilt angle of
turbulent structures in the confined region of AUG.

The cross-correlation function of the reflectometer sig-
nals CΔt(τ) has been computed using equation (2). Three
examples are shown in figure 8. The reference channel probes
at ρpol=0.79 and k⊥=8.9 cm−1. The hopping channel
probes two outer-more positions with positive radial separa-
tions Δr and one inner-more with negative Δr. In all cases, a
peak displaced from τ=0 is obtained similarly to the
synthetic data in figure 2(a). The position of the maximum
gives the time delay τmax as indicated for the solid curve.

In the following, measurements around ρpol≈0.8 and
three angles of incidence are considered. The measurement
positions obtained with TORBEAM are shown on the
poloidal cross-section of AUG in figure 9(a). Closed and open
flux surfaces are depicted by solid and dashed grey lines,

respectively. The magnetic axis is indicated with a ‘x’ and
wall elements are plotted. Figure 9(b) shows the zoom to the
region of interest. The three sets of points in different colours
correspond to three angles of incidence. The measurement
positions are depicted with squares and circles for reference
and hopping channels, respectively. The insets show the
geometry of the measurement positions in detail. One turbu-
lent structure is schematically depicted.

Due to the different angle of incidence of the probing
beam, the point sets in figure 9(b) have a different alignment
with respect to the radial direction indicated with a dashed
grey line. The blue points are strongly misaligned with
respect to the radial direction defining an angle of
Θray=−40.9°, whereas green points are slightly better
aligned with Θray=−24.9°. The red points are almost
aligned with respect to the radial direction with Θray=5.7°.
Note that the sign is opposite compared to the previous two
cases.

The time delay τmax at the maximum of the cross-cor-
relation function has been computed and multiplied by u⊥ in
order to obtain the perpendicular displacement

tD = ^y umax max. The results of tû max as function of Δr are
shown in figure 9(c) for the three measurement positions
depicted in figure 9(b) by the same colours. A linear
dependence is observed. Linear functions are fitted to the data
and are depicted by dashed lines in figure 9(c). The fits have a
different slope m for the three cases shown. The empty blue
symbols correspond to the cases depicted in figure 8.

The tilt and propagation direction of the structure
depicted in figure 9(b) are consistent with the time delays
presented in figure 9(c). The structure is strongly misaligned
with respect to the blue measurement positions, hence it is
‘seen’ first by the inner-more measurement positions and later
by the reference channel as it propagates downwards, thus a
negative time delay is obtained for Δr<0. Additionally, the
structure is ‘seen’ first by reference and later by the outer-
more positions obtaining a positive time delay for Δr>0.
Contrarily, the structure is almost aligned with the red mea-
surement positions, therefore shorter time delays are obtained.
The unique tilt angle valid for all three positions and indicated
in the figure is calculated next.

The slope m obtained from all the measurements in the
range ρ=0.70–0.84 is plotted as a function of Θray in
figure 9(d). The blue, green and red data points correspond to
the cases shown in figure 9(c). The data show a clear trend of
m with Θray. The prediction of equation (17) for non-tilted
structures (θturb=0) is depicted in figure 9(d) by a dashed
black line. The experimental data show a similar behaviour
but are vertically shifted due to the tilt of the turbulent
structures. If a constant tilt is assumed in the measurement
region, the data in figure 9(d) can be fitted with equation (17)
with the tilt angle θturb as the only free parameter. The fit is
depicted by the magenta solid line in the figure. The good
quality of the fit shows that the time delays are explained by a
single average tilt angle of the turbulent structures as dis-
cussed in section 2. The tilt angle is

q = 18 7 , 21turb ( ) ( )◦

Figure 8. Cross-correlation function of the reflectometer signals
from AUG. The reference channel probes at ρpol=0.79 and
k⊥=8.9 cm−1. Three radial separations Δr are included. The time
delay τmax is indicated for one case.

9

Plasma Phys. Control. Fusion 61 (2019) 105009 J R Pinzón et al



as indicated in the plot at the intersection with the m=0 axis,
at which the structure is aligned with the measurement points.
The error bar is illustrated as a shadowed area around the fit.
A structure with the corresponding tilt is schematically
depicted in figure 9(b).

Given the large value of u⊥, no correction factor
(Fd=1) accounting for the decorrelation time effect is
required (see section 3). The passing time of the structures is
about w/u⊥≈3 μs, which is smaller than the decorrelation
time τd≈9 μs measured with poloidal correlation refleto-
metry (PCR). This is a diagnostic recently installed on AUG
used for turbulence investigation at scale k⊥≈1 cm−1

[47, 49]. Furthermore, fitting the data of figure 9(d) using
equation (20) with Fd as a free parameter gives a value of
1.1±0.2. This is in agreement with the frozen turbulence
approximation which is suitable for this case.

It has been mentioned in section 2.2, that a radial pro-
pagation of turbulent structures may produce extra contribu-
tions to the time delay so far not considered. In discharge
#34930, a radial velocity of up to 6 km s−1 would be
necessary in order to explain the measured time delays (see
figure 9(c)). Such a large radial velocity is unrealistic in the
confined region of fusion plasmas [29, 43, 44], thus radial
propagation might lead to minor corrections only. Further-
more, one can estimate that radial velocities up to

qD ûtan turb( ) can be tolerated for obtaining θturb values within
the experimental error bars Δθturb. In this case, the tolerance
is 0.12 u⊥ (see equation (21)).

The previous measurements correspond to the ‘ECRH
phase’ investigated in [28], where the experimental data was
compared with results from the linear ballooning theory. This

Figure 9. (a) Doppler reflectometry measurement positions on the AUG cross-section and (b) zoom to the region of interest. One turbulent
structure is schematically depicted, the tilt angle and propagation velocity are indicated. (c) Perpendicular displacement tD = ^y umax max

computed from the time delay of the cross-correlation function versus the radial separation Δr. The dashed lines depict linear fits to the data.
(d) Slope m as a function of Θray. The fit to the data with equation (17) is depicted by a magenta line. Refer to the text for more details.

10

Plasma Phys. Control. Fusion 61 (2019) 105009 J R Pinzón et al



simple model estimates the tilt angle as [17, 19]
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where γ is the growth rate of the unstable mode, ŝ is the
magnetic shear and ∂r denotes the radial derivative.
Equation (22) includes two effects on the tilt angle, namely
the sheared E×B flow through ¶ ´ur E B, and the the global
structure of the unstable mode through the phase velocity
shear ¶ vr ph. An E×B shear of 16kHz was obtained from
CXRS measurements [56], and a phase velocity shear of
6kHz was computed from linear simulations with the gyro-
kinetic code GKW [57]. Such simulations showed also that
turbulence was dominated by trapped electron modes locally
destabilized by electron temperature gradient with a normal-
ized scale length of 9. The tilt angle estimated with
equation (22) was 21°, which is within the experimental error
bars (see equation (21)). The large ¶ ´ur E B value, and the
similarity of measured and estimated tilt angles, demonstrated
the dominant effect of the E×B shear on turbulent structures
in the plasma core [28].

4.3. Small propagation velocity and τd correction

The AUG discharge #34631 is used to investigate the impact
of the temporal decorrelation of the turbulence on the tilt
angle measurements for the same reflectometer configuration
as for #34930. According to section 3, a strong impact on the
time delays is expected because of the small plasma velocity
u⊥ (see figure 7(b)). The passing time for this case,
w/u⊥≈20μs, is longer than the decorrelation time of
τd≈14μs obtained with the PCR system, therefore a strong
effect of the temporal decorrelation of the turbulence is
expected.

The measured time delays and consequently the slope m
are small for #34631. The slope for the measurements in the
range ρpol=0.70–0.84 is shown in figure 10. The values are

considerably smaller than the prediction of equation (17) for
non-tilted structures and frozen turbulence (dashed black
line), and also smaller than those for discharge #34930 (see
figure 9(d)). It is concluded that the data cannot be described
by equation (17) which is valid for frozen turbulence, instead
they are described by equation (20) which accounts for the
temporal decorrelation through the factor Fd. The fit using
equation (20) with θturb and Fd as free parameters is shown in
figure 10 with a solid line. The tilt angle and correction factor
are

q = 11 13 , 23turb ( ) ( )◦

=  ´ -F 7 2 10 . 24d
2( ) ( )

The large error bars of the tilt angle are due to the large error
bars of the single m values and the scatter of the data.
Although in this case the tilt angle is not determined with a
good accuracy, the anisotropy of the turbulence is indicated.

5. Measurements on the TJ-II stellarator

In this section the tilt angle measurement method is applied
on TJ-II, a heliac type stellarator with major and minor radii
of 1.5 and 0.2 m. One series of reproducible discharges is
investigated (#43459-91). The scenario is a low density (line
averaged density 5.5×1019 m−3) L-mode discharge in the
standard magnetic configuration with 1 T on-axis. An ECRH
power of 0.5 MW is applied. Similar discharges have been
recently investigated using the gyrokinetic code EUTERPE
[58]. It was found that turbulence is dominated by trapped
electron modes locally destabilized by electron temperature
gradient with a normalized scale length of 30.

The density profile is shown in figure 11(a). It has been
obtained by Bayesian inference of Thomson scattering,
interferometry and reflectometry data [59]. ρ is the normal-
ized effective radius. This profile is used as input for ray
tracing calculations with the TRUBA code [60].

5.1. Experimental setup

Doppler reflectometry measurements have been performed
using the system installed in TJ-II [31], which allows to
modify the angle of incidence of the microwave beam in the
plasma on a shot-to-shot basis. Two Q-band (33–50 GHz)
channels probing in the X-mode polarization have been used.
For the detailed correlation measurements presented next, the
reference channel probes at fixed frequency during the dis-
charge, while the hopping channel probes at 12 frequencies
(5 ms each) around the reference one. A broad scan of the
angle of incidence has been performed. The probing fre-
quencies have been specifically chosen to probe at a radial
position of ρ=0.72. The probed wavenumbers are in the
range k⊥=2.0–9.0 cm−1 corresponding to k⊥ ρs=0.5–2.5.

Additionally, a fine scan of the probing frequency in the
range 33–39 GHz has been performed with both channels.
This scan allows to compute the u⊥ profile depicted in
figure 11(b). This diagnostic configuration will be further

Figure 10. Slope m as a function of Θray for AUG discharge
#34631. The solid line depicts the fit to the data using equation (20).
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discussed in section 5.3 where a two-point correlation tech-
nique is presented.

5.2. Tilt angle measurement

The time delay of the cross-correlation function is investi-
gated for the measurements at r = 0.72. Experimental data
are analysed in a similar way as for AUG in section 4.2.
Measurements of the tilt angle of the turbulent structures in
the confined region of TJ-II are obtained for the first time.

The measurement positions obtained with TRUBA are
shown on the perpendicular cross-section of TJ-II in
figure 12(a). Closed flux surfaces are depicted by solid grey
lines, the magnetic axis is indicated with an ‘x’, and a section
of the vessel is shown. Figure 12(b) shows in detail the
measurement positions of reference (squares) and hopping
(circles) channels. The eight sets of points correspond to
different angles of incidence of the probing beam. Measure-
ments are differently aligned; the blue measurement points
define a negative (clockwise) angle Θray with respect to the
radial direction, while the red ones define a positive one
(counter-clockwise). The scan of the angle of incidence pro-
vides a broad Θray scan between −60° and +40°. Turbulent
structures are artistically depicted.

The cross-correlation function has been computed and
the time delays τmax have been obtained as discussed for
AUG in section 4.2. Figure 12(c) shows the results of u⊥ τmax

as a function of Δr. Only points obtained with high correla-
tion and hence a well defined time delay are considered. The
colours correspond to the three coloured angles of incidence
in figure 12(b). Linear fits to the data (dashed lines) show

different slopes m for the three cases, indeed a sign inversion
between red and blue data is observed.

The structures tilt angle and propagation direction
depicted in figure 12(b) are qualitatively consistent with the
time delays of figure 12(c). Turbulent structures aligned with
the green measurement points provide a small time delay.
Moreover, due to the misalignment of the structures with
respect to the blue (red) measurement points, the structures
are ‘seen’ first (later) by the hopping channel for positive Δr,
resulting in a negative (positive) time delay.

The slope m is plotted as a function of Θray in
figure 12(d) with blue, green and red data points corresp-
onding to the cases presented in figure 12(c). A clear
dependence of m on Θray is observed. The prediction of
equation (17) for θturb=0 is depicted in figure 12(d) by a
dashed black line, which shows that m is substantially smaller
than frozen turbulence expectations. The smallness of m
would require the unlikely alignment of the turbulent struc-
tures with the measurement positions for all cases depicted in
figure 12(b), if frozen turbulence is assumed. Moreover, the
passing time of the structures in front of the beam is estimated
as w/u⊥≈13 μs, which is comparable to typical values for
the decorrelation time of the turbulence τd [47]. The last two
observations indicate that the frozen turbulence approx-
imation is not valid for the present case.

The data of figure 12(d) have been fitted using
equation (20) assuming a constant tilt angle qturb. Fd and θturb
are free parameters obtained from the fit. The purple solid line
in figure 12(d) depicts the fit obtained. It is remarkable that
the fit recovers accurately the Θray dependence of m for all
measured angles. The good agreement between the exper-
imental data and the fit shows that, although the decorrelation
time of the turbulence has a strong impact on the time delays,
equation (20) reproduces the experimental data and allows to
compute the tilt angle of the turbulent structures. The tilt
angle and factor are,

q = - 29 9 , 25turb ( ) ( )◦

=  ´ -F 9.9 0.9 10 . 26d
2( ) ( )

The tilt angle is indicated in figure 12(d) as the interception
with the m=0 axis, and is used to draw the schematic
structures in figure 12(b).

In the following, equation (19) is used to obtain τd from
the experimentally measured correction factor Fd. Although
this is regarded a rough estimate, it is the first experimental
estimation of its kind done in TJ-II. Using equation (19), the
decorrelation time of the turbulence can be estimated from Fd

(equation (26)), w=2.0 cm and u⊥=1.5 km s−1 to

t m= - »
^

- -w

u
F 1 4 s. 27d d

1 1 2( ) ( )

Further investigations regarding the accuracy of equation (19)
as well as comparisons of this value with simulations and
other experimental measurements are left for future work.

Figure 11.Radial profiles of (a) plasma density and (b) perpendicular
velocity u⊥ for the TJ-II discharges.
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5.3. Radial profile of tilt angle

The radial profile of the tilt angle has been investigated by
two-point correlation measurements. A fine scan of the
probing frequency of both channels in the range 33–39 GHz
has been performed. The frequency difference between the
channels is fixed at 500MHz, thus the cross-correlation
function is obtained for only one Δr value per probed radial
position. Four angles of incidence, two with Θray<0 and
two with Θray>0, have been used. This configuration pro-
vides measurements at k⊥=3.5 or 5.5 cm−1, which do not
change appreciably within the radial scan.

The time delay tmax profiles for different angles of inci-
dence (blue data with Θray<0 and red with Θray>0) are
shown in figure 13(b). Note that the data sets have an opposite
sign due to the opposite sign of Θray leading to a different
alignment of measurement positions with the turbulent
structures. For the outermost positions around ρ=0.8, the
magnitude of τmax is larger for the blue than for the red data.
This indicates a better alignment of the turbulent structure
with the measurement positions with Θray>0, obtaining a
positive tilt angle. In contrast, for the inner positions around
ρ=0.72, τmax is larger for the red data indicating a better
alignment with Θray<0 measurement positions and hence
negative tilt angle.

The slope is computed as t= D^m u rmax for each radial
position and angle of incidence. The tilt angle θturb and cor-
rection factor Fd are obtained by fitting the data in radial
windows of size Δρ=0.003 with equation (20). The results
are shown in figures 13(c) and (d), respectively. As expected
from the time delay comparison, there is a change of the tilt
angle from approximately −30° to +20° from the innermost
to the outermost measurement positions. Fd increases towards
the plasma edge. The u⊥ profile is shown in figure 13(a) for
comparison.

At ρ=0.72, the tilt angle and the correction factor agree
with the values obtained in the previous detailed measure-
ments (see equations (25) and (26)), which underlines the fact
that a two-point correlation scan can provide radially resolved
information on θturb and Fd. The increase of Fd is consistent
with the u⊥ increase towards the plasma edge observed in
figure 13(a). A faster structure propagation means that the
decorrelation time of the turbulence has a smaller impact on
the time delays, thus the correction factor approaches one (see
equation (19)).

In the following some effects which may potentially be
related with the radial change of tilt angle are discussed. The
effect of u⊥ shear may play an important role [17–19]. In
figure 13(a), a 3rd-order polynomial fit to u⊥ data is shown
with a solid line, and its radial derivative with a dashed one.

Figure 12. (a) Doppler reflectometry measurement positions on the perpendicular cross-section of TJ-II and (b) zoom to the region of interest.
Turbulent structures are schematically depicted, the tilt angle and propagation velocity are indicated. (c) Perpendicular displacement

tD = ^y umax max as a function of Δr. Results for three angles of incidence are presented (see colours in a and b). Linear fits are indicated
with dashed lines. (d) Slope m as a function of Θray. The fit of the data with equation (20) is depicted by the magenta line. Refer to the text for
more details.
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The increase of velocity shear towards the plasma edge agrees
with the change of tilt angle to more positive values as pre-
dicted by equation (22). Hence at inner measurements posi-
tions with small velocity shear, the negative tilt angle might
be a direct consequence of the mode structure. Nevertheless,
since velocity shear changes rather slow in the radial range,
the tilt change may alternatively indicate a potential large
difference in the turbulence character or drive at different
radial positions. Another element to be considered is the
rational surface 8/5 at approximately ρ≈0.75, which may
impact turbulence and heat transport [61]. The confirmation
of the previous hypothesis requires further investigations, as
the ongoing with gyrokinetic simulations for this specific
discharge.

The two-point correlation technique has provided access
to radially resolved measurements of the tilt angle. These and
the simultaneously obtained flow measurements, provide
important elements for investigating Reynolds stress and
zonal flows [13].

6. Summary

A method for measuring the tilt angle of turbulent structures
has been presented in detail. It uses the time delay of Doppler
reflectometry channels probing at radially and perpendicularly
displaced positions. The method has been deduced in slab
geometry and for turbulence with a Gaussian wavenumber

spectrum. First, a point like and linear measurement has been
assumed. Afterwards, diagnostic effects have been con-
sidered. It is shown that the method is also applicable when an
extended scattering region and the k⊥ selectivity of the
diagnostic are considered. Although contributions from for-
ward scattering and direct reflection to the reflectometer sig-
nal may impact the correlation, they can be accounted for in
the analysis and do not hinder the application of the method.

It has been shown that a finite decorrelation time τd of the
turbulence may have an impact on the measured time delays
for small velocities u⊥. If the decorrelation time is shorter or
comparable to the passing time of the structures in front of the
probing beam, t ^ w ud , the time delays are underestimated
and a correction factor Fd in the analysis is required. The
relevance of this effect can be estimated for specific exper-
imental conditions. Moreover assuming a Gaussian correla-
tion function, a rough estimate of the decorrelation time has
been obtained from Fd.

The method has been applied on L-mode discharges of
the ASDEX Upgrade tokamak and of the TJ-II stellarator. The
experimental time delays have been investigated and the tilt
angle of turbulent structures has been measured in the core
region of both devices, in TJ-II for the first time. In the
ASDEX Upgrade tokamak, the method has been applied for
two plasma discharges with different flow velocities u⊥ but
the same reflectometer configuration. For high values of u⊥,
an accurate measurement of the tilt angle (θturb=18±7°) is
obtained and no Fd correction is needed. This measurement
has been explained by the effect of the sheared E×B flow
using linear ballooning theory. For low values of u⊥, the
temporal decorrelation of the turbulence affects the mea-
surements and Fd is required. Furthermore a two-point cor-
relation technique has been used to obtain a radial profile of
the tilt angle, which is a fist step towards Reynolds stress
measurements.

The measurement method of the tilt angle provides a new
tool for experimental investigations of turbulence in fusion
plasmas. A proof of principle of its applicability has been
provided in this paper. The novel measurements have been
already compared with theory and simulations, and have
demonstrated the effect of sheared E×B flows on structures
in different turbulence regimes [28]. In the future, this method
can be applied in other fusion machines where Doppler
reflectometry is available, allowing for simultaneous studies
of flow shear, tilt angle and turbulence decorrelation. This
opens the door to advanced turbulence studies, for example of
Reynolds stress and zonal flows, both important elements for
understanding the turbulence dynamics in fusion plasmas.
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Appendix. Effect of an extended scattering region
and k⊥ selectivity

In this section, an extended scattering region and the k⊥
selectivity of Doppler reflectometry are considered for the
slab case and in Born approximation. This is useful to assess
the impact of the radial resolution δr and of the beam width w
on tilt angle measurement method presented in section 2, and
also to identify conditions for which it is accurate. Turbulence
with Gaussian wavenumber spectrum is considered (see
section 2), nevertheless this approach can be used to predict
the diagnostic response for more general cases.

The Born approximation provides the reflectometer sig-
nal V when probing at the position (x, y) as [35, 36]

d= ¢ ¢ + ¢ + ¢ ¢ ¢V x y x y n x x y y W x y, d d , , , A.1∬( ) ( ) ( ) ( )

where the density fluctuation δn are weighted by W which
corresponds to the square of the electric field of the wave, and
is commonly referred to as the weighting function [62].
Normalization factors are excluded. The last expression
considers the integration over the scattering volume, hence it
is a generalization of the point measurement of equation (6).

For the sake of simplicity, W is approximated with a
Gaussian
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k y, exp

2
i , A.2

2

2

2

2

⎡
⎣⎢

⎤
⎦⎥( )

( )
( )

where δr is the radial resolution and w the beam width, both
quantities determining the extension of the scattering region.
The complex phase provides the k⊥ selectivity of the diag-
nostic. In Fourier space the filter function is
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where -1·̂ stands for the inverse Fourier transform. It corre-
sponds to a 2D filter centred at kx=0 and ky=k⊥.

Writing δn in terms of the wavenumber spectrum from
equations (4), (A.1) becomes:

= - +V x y k k h k k W k k, d d , , e , A.4x y x y x y
k x k y1 i ix y∬( ) ( ) ( ) ( )

thus the signal is given by the turbulent field filtered in
wavenumber space. This indicates the filtering role of a
Doppler reflectometer.

The cross-correlation of the Doppler reflectometer sig-
nals is

D = + D + D
~
DC y x y V x y V x x y yd d , , ,x *∬( ) ( ) ( )

where the tilde stands for the fact that the filtered signals are
used as input. Inserting equation (A.4) in the last expression
yields the correlation function

D =
~
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- D + DC y k k h k k W k kd d , , e .
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x x y x y x y
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It corresponds to the inverse Fourier transform of the filtered
k spectrum. This is different from the point measurement
case of equation (9) where no filter is included.

For the Gaussian spectrum of equation (3), the integral in
equation (A.5) is solved analytically obtaining
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Only the absolute value is considered because the complex
phase provides no further physical information. The tilded
quantities are:
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It is important to note that no dependence with k⊥ is
obtained for any of the quantities. This shows that for the
turbulence model (see equation (3)) the k⊥ selectivity of the
diagnostic has no impact on the tilt angle measurements.
Nevertheless this could be a special condition for Gaussian
spectra, further studies using equation (A.5) with more rea-
listic wavenumber spectra, as for example those obtained
from gyrokinetic simulations [9, 45], are left for the future.

Because of the finite radial resolution, the measured
radial correlation length Lx is overestimated by a factor

d+ r L1 2 x
2 2( ) , and the slope m is underestimated by a

factor d+ -r L1 2 x
2 2 1( ( ) ) . Nevertheless if the radial resolution

is small compared to the radial correlation length, δr = Lx,
this effect is small and the true Lx and m are recovered.
Therefore the tilt angle measurement method is accurate
under this condition.

The measured width of the correlation is overestimated
by w and δr through the second and third term in
equation (A.8), respectively. The beam width w, of the order
of few cm, sets a minimum for Ly . Furthermore w may
dominate over the other terms defining to a large extend the
width of the cross-correlation function: L wy .
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