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Introduction.

Energy transport in tokamaks is known to be anomalous and caused by turbu-

lence (see e.g. [1]). In contrast, collisional transport is generally predominant in stellarators.
However, W7-X has been optimized to minimize the neoclassical collisional transport, which
raises the question of the impact of turbulent transport in this machine.
Poloidal Correlation Reflectometry (PCR), which is based on the detection of a reflected microwave beam by an array of antenna, is a technique which allows to measure several quantities
related to turbulence: the perpendicular (binormal) velocity of density fluctuations, the turbulence level, correlation lengths and decorrelation time. Two similar PCR systems are installed
at W7-X [2, 3] and ASDEX Upgrade (AUG) [4], which allow a direct comparison of the turbulence properties in these two devices.
In this contribution, after a description of the two PCR systems and the dataset of studied
plasmas, the PCR measurements are presented, with a special focus on the correlation length in
the perpendicular direction.
Poloidal Correlation Reflectometry in W7-X and AUG.

The PCR systems installed in W7-

X and AUG use clusters of 1 launching and 4 receiving antenna, as shown in figure 1. The
microwave beam is launched with an O-mode polarization. Both systems are working in a frequency range that includes the Ka-band: 22 − 40 GHz (W7-X) or 24 − 40 GHz (AUG). This
corresponds to a cut-off density range of approximately 0.6 − 2.0 × 1019 m−3 . In addition, a Uband (40-60 GHz, cut-off densities 2.0 − 4.5 × 1019 m−3 ) reflectometer is installed on ASDEX
Upgrade. Heterodyne detection schemes (figure 2) are used. Note that there are small hardware
differences between the two systems (frequency multiplication factor, intermediate frequency).
The probing frequency is usually stepped: a typical acquisition pattern is a series of 20 ms long
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frequency steps, with a full scan obtained in 0.5 − 1 s. The data is sampled at 2 MHz (ASDEX
Upgrade) or 4 MHz (W7-X). The distance between the antenna cluster and the last closed flux
surface (LCFS) is typically 28 − 31 cm in W7-X, and 7 − 8 cm in AUG.

Figure 2: (From [5]) Scheme for the AUG Ka-band system. The receiving elements are shown for one of
the 4 antenna only.

Data processing. The radial position of the measurements is
evaluated from the cut-off layer location, which only depends
on the electron density ne when probing with an O-mode polarized wave. Several diagnostics can measure ne ; in this study
Thomson scattering is used, since it allows measurements in
most of the confined region. For each receiving antenna, the
position of the centre of the reflected beam on the cut-off surface is estimated assuming a straight propagation between the

Figure 1: (From [5]) Picture of
antennas and the cut-off surface. This simplified approach was the antenna array installed in
found to agree within 10 − 15 % in comparison with ray-tracing ASDEX Upgrade. The launching
antenna is marked as ’Rad’, and

calculations [3]. For each antenna pair, the parrallel and perpen- B,C,D,E are the receiving andicular distances between these reflection points on the cut-off tenna. The W7-X cluster is similar, except that the antennas D-E

layer can be obtained from plasma equilibrium reconstructions: are at the right of the launching
CLISTE [6] for AUG, and VMEC for W7-X [7].

antenna.

The complex signals received by each antenna are normalized and band-pass filtered (in the range 5 − 350 kHz) before calculating the complex crosscorrelation function. An example from W7-X is shown in figure 3, where an increase of the
time of maximum correlation with the distance between antenna reflection points is visible.
Assuming magnetic field-aligned density perturbations and a long decorrelation time, the perpendicular velocity v⊥ is evaluated by doing a linear regression of the time-delay as a function
of the perpendicular distance between reflection points of the various antenna pairs.
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The autocorrelation time τa is defined as the 1/e decay time of the autocorrelation function.
The product le f f = |v⊥ | τa is referred to as the effective correlation length. For long decorrelation
times, le f f can be interpreted as a turbulent perpendicular correlation length l⊥ , which also
2 [8].
includes a contribution from the detection volume size ls : le2f f ≈ ls2 + l⊥

Database for machine comparison.

In order to com-

pare PCR measurements in AUG and W7-X, a database
of 110 W7-X and 44 AUG plasmas was created. The
W7-X plasmas are performed in hydrogen, with a low
line-integrated density nl < 5.5 × 1019 m−3 , ECRH power
up to 6.5 MW (no NBI). Two configurations are considered: the low-iota (DBM) or standard configuration
(EJM) [9]. The AUG database includes 44 L-mode deuterium (mostly) or hydrogen plasmas, with ECRH (< 2 Figure 3: Absolute values of the
cross-correlation functions |ρ(τ)| be-

MW) or NBI (< 2.5 MW), plasma currents from 0.4 to tween antenna pairs, and autocorre1MA and various divertor configurations (lower or upper lation function of the signal received
by the antenna B. The autocorrelation time τa is defined as |ρ(τa )| =
The region for the comparison is centered around a ref- |ρ(0)| /e.

single null).

erence normalized radius (using ρtor for AUG and re f f /a
for W7-X) of ρre f = 0.725 (±0.125): it is inside the LCFS, at the plasma edge but does not
include the tokamak pedestal. Two criteria have been used to define plasmas from the two machines which are ’comparable’: the first is to match within ±20 % the electron density and
temperature at ρ = ρre f , the second is to match within ±20 % the values of 3 dimensionless pap
rameters at ρre f . These parameters are: ρs∗ = cs /aΩci (where a is the minor radius, cs = Te /mi ,
Ωci = Zi eB/mi the ion cyclotron frequency), βe = 2µ0 ne Te /B2 , νe f f = νei /ωDe (νe f f is defined
as in [10], using the curvature drift frequency ωDe = 2k⊥ c2s /RΩci with R being the major radius
√
and k⊥ cs /Ωci = 0.1). One example of each type of comparison is shown in the next section.
Comparison at similar edge electron temperature and density.

A first example is based

on the AUG shot number #35475, t = 3.5 − 5.0 s, which is a deuterium plasma, with a plasma
current of 0.8 MA, NBI and ECRH power of 0.8 and 0.7 MW respectively, and an integrated
density on a central line of nl ' 2.1×1019 m−2 . The ne and Te profiles are shown in figure 4. The
profiles of v⊥ , τa and le f f measured with PCR inside the LCFS are compared in figure 5. The
W7-X measurements are from all the ’comparable’ plasmas of the database with matching ne
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and Te at ρre f . In both machines, v⊥ outside the separatrix is in the ion diamagnetic direction (not
shown), and in the electron diamagnetic direction for ρ < 1. However, for clarity and because
of mapping uncertainities, W7-X measurements with v⊥ > 0 (ion direction) close or outside
the separatrix have been excluded from the plots. In AUG, the pedestal v⊥ is in the electron
direction, then reverse for ρtor . 0.97 (possibly becaue of the injection of momentum in the
co-current direction by NBI). In W7-X, v⊥ is negative inside the LCFS (ion root) and depends
on the configuration. Note that the effective correlation length depends on the magnitude of
v⊥ , not its sign. The autocorrelation time is smaller in AUG, and consequently (since |v⊥ | have
comparable values) the effective correlation length is also smaller in AUG.

Figure 4: Electron density (left) and temperature profiles of an AUG plasma (bold blue), and corresponding matching W7-X profiles for the DBM (light blue) or EJM (orange) configurations. The vertical
dashed line indicates ρre f .

Figure 5: Perpendicular velocity (left), autocorrelation time (centre) and effective correlation length
(right) radial profiles comparison. W7-X measurements for 2 configurations (DBM/EJM) are shown for
plasmas with edge ne and Te matching the AUG selected plasma (#35475). AUG PCR measurement
points are in marine (v⊥ > 0, ion direction) and blue (v⊥ < 0, electron direction).

Comparison at similar edge dimensionless parameters. A comparison of PCR measurements for plasmas with matched dimensionless parameters is shown in the figures 6 and 7,
using an hydrogen AUG plasma #35251, t = 7.0 − 7.5 s (current 0.8 MA, no external heating
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except some NBI blips, central line-integrated density nl ' 3.7 × 1019 m−2 ). The corresponding range of the dimensionless parameters at ρ = ρre f , which are matched within 20 %, are:
0.15 < ρs∗ < 0.20, 0.06 < βe < 0.1, and 2.2 < νe f f < 3.8. The trends observed are similar to
those described in the previous paragraph (with matched ne and Te ): smaller values of τa and
le f f are measured in AUG.

Figure 6: Profiles of ne and Te for the plasmas with matching dimensionless parameters. See caption of
figure 4 for more detail.

Figure 7: Radial profiles of v⊥ (left), τa (centre) and le f f , for plasmas with matching dimensionless
parameters (cf. fig 5).
Overview.

An overview of all the measured values of |v⊥ | and τa in the range ρ = 0.725 ±

0.125 is shown in the figure 8. For AUG, hydrogen and deuterium plasmas are included, and
measurements points are obtained from both the Ka and U-band systems. A dependence τa ∝
1/ |v⊥ | is observed, which means that le f f tends to be approximately constant. Indeed, this is
confirmed by the distribution functions (fig. 8 right): for AUG, hle f f i = 1.2 ± 0.5 cm. The measurements in H plasmas are also in this range. For W7-X, the ∝ 1/ |v⊥ | dependence of τa is less
clear. As previously noted, the perpendicular velocity depends on the configuration, reaching
larger absolute values for the standard (EJM) configuration than for the low-iota configuration
(DBM). The effective correlation length also depends on the configuration (fig. 8 right), with
mean values of around 3.1 ± 0.7 cm for DBM plasmas and 4.8 ± 0.8 cm for EJM plasmas. Including these two W7-X configurations, the mean effective correlation length is le f f = 4.1 ± 1.2

14th
Intl. Reflectometry Workshop - IRW14 (Lausanne) 22-24 May 2019
O.308
___________________________________________________________________________

cm, which is larger than the AUG mean value by a factor 3.5. Note that these effective perpendicular correlation length are still much larger than the ion larmor radius, which is in the range
0.07 − 0.2 cm for all the measurements in the considered region of the two machines.

Figure 8: (Left) Autocorrelation time as a function of the absolute value of v⊥ for all AUG and W7-X
measurements in the radial range ρ = 0.725 ± 0.125. For AUG, hydrogen plasmas are indicated. (Right)
Corresponding distributiond functions of le f f .

Conclusion.

In conclusion, similar PCR systems are installed in AUG and W7-X. Measure-

ments in plasmas from the two machines have been compared at the edge of the confined region,
for low density plasmas. It was found that the effective correlation length in the perpendicular
direction is smaller in AUG than W7-X by a factor 2 − 5. In W7-X, v⊥ is observed to be in the
electron direction and its magnitude depend on the configuration. In the comparable AUG plasmas with NBI, the perpendicular velocity is in the ion direction at the plasma edge (ρtor . 0.9)
with absolute values close to the W7-X ones.
The effective correlation length includes a contribution from the diagnostic resolution in the
perpendicular resolution. In order to extract the correlation length of the turbulence, some modelling is necessary to evaluate this effect. To this end, some full wave simulations will be carried
out in the future. In general, obtaining some estimates of the turbulence dominant wave number
in the perpendicular direction is important since this quantity enters into mixing length estimates
of transport coefficients for turbulent transport (see e.g. [11]).
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