
IOP PUBLISHING PLASMA PHYSICS AND CONTROLLED FUSION

Plasma Phys. Control. Fusion 49 (2007) S1–S23 doi:10.1088/0741-3335/49/7/S01

Edge turbulence measurements in toroidal fusion
devices

S J Zweben1, J A Boedo2, O Grulke3, C Hidalgo4, B LaBombard5,
R J Maqueda6, P Scarin7 and J L Terry5

1 Princeton Plasma Physics Laboratory, Princeton, NJ 08540, USA
2 University of California at San Diego, San Diego, CA 92093, USA
3 MPI for Plasma Physics, Euratom Association, 17491 Greifswald, Germany
4 Laboratorio Nacional de Fusión, Association EURATOM–CIEMAT, Madrid, Spain
5 Massachusetts Institute of Technology, Cambridge, MA 02139, USA
6 Nova Photonics, Inc. Princeton, NJ 08540, USA
7 Consorzio REX, Associazione Euratom-ENEA sulla Fusione, Padova, Italy

Received 11 October 2006, in final form 13 February 2007
Published 5 June 2007
Online at stacks.iop.org/PPCF/49/S1

Abstract
This paper reviews measurements of edge plasma turbulence in toroidal
magnetic fusion devices with an emphasis on recent results in tokamaks. The
dominant feature of edge turbulence is a high level of broadband density
fluctuations with a relative amplitude δn/n ∼ 5–100%, accompanied by large
potential and electron temperature fluctuations. The frequency range of this
turbulence is ∼10 kHz–1 MHz, and the size scale is typically ∼0.1–10 cm
perpendicular to the magnetic field but many metres along the magnetic field,
i.e. the structure is nearly that of 2D ‘filaments’. Large intermittent bursts or
‘blobs’ are usually observed in the scrape-off layer. Diagnostic and data analysis
techniques are reviewed and the main experimental results are summarized.
Recent comparisons of experimental results with edge turbulence theory are
discussed, and some directions for future experiments are suggested.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The edge plasma in toroidal magnetic fusion devices is important because it determines the
interaction between the plasma and the first-wall and/or divertor structures. In particular, the
radial cross-field transport through the edge plasma strongly influences the location and strength
of the heat and particle flux to the wall, as well as the processes of recycling, impurity influx
and He ash removal. The edge plasma also sets the boundary condition for the confined plasma,
and so can also affect the global confinement (as in the H-mode). Thus, an understanding of the
cross-field transport process in the edge plasma is crucially important for creating a magnetic
fusion reactor.
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It has been recognized for many years that the cross-field plasma transport through the edge
is dominated by turbulence. The basic characteristics of edge turbulence are fairly universal,
as discussed in previous reviews of experimental results [1–8]. The theory of edge turbulence
which is necessary for understanding these results has also evolved over many years, but will
not be covered in this paper except in the context of specific experimental results.

Edge turbulence dominantly consists of broadband plasma density fluctuations with a
fluctuation amplitude δn/n ∼ 5–100%, with relative fluctuation levels typically increasing
towards the first wall. Associated with these density fluctuations are also potential and electron
temperature fluctuations of similar relative magnitude, and considerably smaller magnetic field
fluctuations. The observed frequency range is typically f ∼ 10 kHz–1 MHz with a broad
spectrum, i.e. with an autocorrelation time in the range of a few microseconds to a few tens
of microseconds. The size scales perpendicular to the magnetic field are within the range
∼0.1–10 cm, but the size scale along the magnetic field direction is typically tens of metres,
i.e. the structure is nearly that of 2D ‘filaments’. Large intermittent bursts or ‘blobs’ of high
density are usually observed in the scrape-off layer (SOL), often with a steeply rising front
versus time. Edge turbulence persists in a stationary state for as long as the plasma lasts, and
is usually interpreted as the nonlinear saturated state of drift wave or interchange instabilities
in the edge plasma.

This paper will review some of the measurements of edge turbulence obtained over the
past 30 years on toroidal magnetic fusion devices, i.e. tokamaks, stellarators and reversed
field pinches (RFPs), with an emphasis on tokamaks (which seem to be the best candidate
for a magnetic fusion reactor). First there is a brief history of this subject (section 2), then
a survey of diagnostics (seciton 3) and data analysis methods (section 4). The main body of
the paper summarizes the experimental results on selected topics with representative examples
(section 5). The paper concludes with a discussion of the results, a comparison with non-fusion
devices, a comparison of experiment with theory, and directions for further research (section 6).

2. Brief history

Measurements of plasma turbulence have been made for well over 30 years. A few highlights
of this history are summarized below.

One of the earliest studies of magnetized plasma turbulence was done on the ‘calutron’
isotope separation process during the Manhattan Project [9]. In addition to presenting the
famous Bohm diffusion formula (chapter 2), Bohm et al described plasma ‘hash’, or broadband
density fluctuations in the frequency range ∼1 kHz–1 MHz (chapter 9), as observed with
Langmuir probes in these arc plasmas (n ∼ 3 × 1013 cm−3, Te ∼ 5–10 eV, B � 12 kG). Bohm
et al clearly understood the role of turbulent electric fields in cross-field transport, but did not
establish a quantitative connection between the turbulence and the transport.

Plasma turbulence was measured in many early magnetic fusion devices. According to
Nedospasov [10], edge turbulence was measured on the first tokamak TMP at Kurchatov in
1956. Chen [11] noted the apparent universality of the turbulence frequency spectrum and
tried to explain the power law fall-off on the basis of drift wave theory. Detailed probe studies
of large-scale coherent edge density fluctuations were done on the C-Stellarator at Princeton,
including a direct measurement of the fluctuation-induced radial E × B transport [12]. The
3D structure of both edge density and magnetic field turbulence was measured on the Zeta
RFP device at Culham [13], and was described as ‘a system of convective rolls aligned along
the magnetic field’. These early measurements are at least qualitatively similar to those in
present devices, although they were made using analog techniques. Digital signal processing
for turbulence and E × B transport analysis was introduced by Powers in the mid-1970s [14].
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Since the late-1970s there has been a sustained effort to measure and understand plasma
turbulence at the edge of toroidal fusion devices. The main motivation for this work was
to clarify the cross-field plasma transport mechanism which determines the plasma–wall
interaction. A second motivation was to understand the physics of plasma turbulence, e.g.
the origin of the H-mode. The distinction between the core and the edge is not a sharp one:
roughly, the edge is the region outside r/a ∼ 0.9 where Te ∼ 10–100 eV, including the whole
region from the last closed flux surface to the first wall, i.e. the ‘SOL’, but not including (for
the purposes of this review) the H-mode pedestal, which can reach Te � 1 keV.

3. Diagnostic methods

Experimental studies of neutral gases and liquids have shown that it is necessary to measure
a wide range of space and time scales to understand the turbulent velocity fields [15].
Characterizing plasma turbulence is even more difficult since there are many different physical
mechanisms acting at different length scales in a plasma. The main fluctuating quantities of
interest for edge plasma turbulence are the electron density n, electron temperature Te, the
electrostatic potential φ, the magnetic field B and the flow speed v.

There are several standard methods for measuring these edge plasma fluctuations in
tokamaks and similar devices; namely, electric and magnetic probes, laser scattering,
microwave reflectometry, optical imaging and heavy ion beam probes. These have been
summarized in previous reviews and books [1–8, 16–21], so here only a brief summary of
the advantages and limitations of each method is presented. Some additional possibilities are
discussed in section 6.3.

3.1. Electric and magnetic probes

Electric (a.k.a. Langmuir) and magnetic field probes have been used to measure fluctuations
in plasmas since the earliest magnetic fusion devices. The technique is simply to insert one or
more small biased electrodes or magnetic pickup coils inside the plasma and then measure the
frequency and wave number spectra of the fluctuations seen by these probes. Probe signals
contain a large amount of data which can be interpreted in terms of the local n, Te, φ or B
within the frequency and size scales of interest, i.e. ∼10 kHz–1 MHz and ∼0.1–10 cm.

The biggest limitation of probes is that they can only be used when they do not significantly
perturb the plasma or vice versa. In practice, this allows plasmas with up to Te ∼ 100 eV to be
measured using a fast movable drive when necessary. An uncertainty in the use of these probes
is the (generally) unknown level of recycling and impurity influx at the probe surface, which
can affect the local plasma parameters [22,23]. Nevertheless, probe measurements of density
and temperature have often been successfully compared with non-perturbing measurements
such as Thomson scattering.

3.2. Electromagnetic wave scattering

Electromagnetic wave scattering has been used to measure fusion plasma turbulence since
the mid-1970s [24, 25]. This method is non-perturbing and also non-local, i.e. the sampling
volume is usually much larger than the turbulence correlation length, so it is difficult to obtain
spatial resolution within the edge region. An advantage of this technique is that the k spectrum
can be directly measured by varying the scattering angle.

Edge turbulence in fusion devices has been measured using both CO2 and FIR laser
scattering. With FIR the ‘edge’ scattering volume also includes a significant region of the
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core plasma, e.g. [26], and with CO2 the scattering volume is generally a chord through the
plasma, e.g. [27]. However, information about k spectra can be obtained if the spatial location
of the turbulence is known, e.g. using crossed-beam correlation techniques [28, 29]. Some
information on edge turbulence can also be obtained from chord-averaged density fluctuation
measurements, e.g. phase contrast imaging (PCI) [30].

3.3. Microwave reflectometry

Microwave reflectometry has often been used to measure edge turbulence [16, 17]. However,
the interpretation of the signal in terms of the local turbulent density fluctuations is not
straightforward, particularly when the relative fluctuation level is high, as it usually is in the
edge plasma [31]. Nevertheless, much data have been obtained and quantitative interpretations
of them have been presented where the density fluctuation level was ∼1% [32]. Good
agreement between the reflectometer and Langmuir probe fluctuation measurements was found
at CCT and DIII-D [33].

Recent improvements in this technique include 2-beam correlation reflectometry for
measuring radial correlation lengths [34, 35], Doppler reflectometry for measuring zonal
flows [36] and methods for estimating radial and poloidal wave number spectrum [37, 38].
In each case some assumptions are needed in order to interpret the results in terms of the local
edge density fluctuations. Alternatively, the characteristics of the wave scattering process
can be added to the theoretical turbulence model in order to compare the theory with the
measurements [39].

3.4. Optical line emission

The visible line emission from neutral atoms in the plasma edge can be used to measure the
space/time structure of edge turbulence. Passive visible imaging of edge turbulence has been
done for many years [40,41]. More recently, 2D imaging perpendicular to the main magnetic
field was obtained by using either beam emission spectroscopy (BES) [42–45] or gas puff
imaging (GPI) [46–49]. A close correlation between optical signals and Langmuir probe
fluctuations was seen at Caltech [50] and ASDEX [41].

The main advantage of this method is that a large number of spatial points can be sampled
rapidly and simultaneously using discrete detectors or fast cameras. The main disadvantage is
that the atomic physics of the line emission depends nonlinearly on the electron density (and
the electron temperature in GPI), so it is necessary to have an independent measurement of the
average n and/or Te to directly estimate the actual density or temperature fluctuation level.

3.5. Heavy ion beam probe

A heavy ion beam probe injects a singly ionized high energy beam into the plasma (e.g. thallium
at 500 keV) and detects the doubly ionized ions which exit the plasma. The intersection of
the probe and detected beams defines a small sampling volume which can be swept across the
plasma. The detected beam current and potential can be used to simultaneously measure the
local density and space potential with a time resolution sufficient to measure the turbulence
and local E ×B transport. However, these signals are very small and difficult to measure (e.g.
a few volts compared with the ∼100 keV beam energy), and can be affected by fluctuations
elsewhere along the beam trajectory.

Edge turbulence measured with this method has shown edge density and potential
fluctuation levels similar to those seen by Langmuir probes [51, 52]. The presence of zonal
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flows can be detected by simultaneous changes in potential at different poloidal angles on a
flux surface [53,54], and preliminary evidence for radially elongated ‘streamers’ was recently
presented [55].

4. Data analysis methods

Most of the data analysis methods for plasma edge turbulence have been used previously in
other fields (e.g. fluid turbulence), and have also been described in previous diagnostic reviews
(see section 3), so only a brief summary of the advantages and limitations of each method is
presented here.

4.1. Single-point time series

Standard analyses of single-point time series include estimates of the frequency spectrum,
autocorrelation time, fluctuation levels, probability distribution functions (PDFs) and higher
order moments of the signals (e.g. skewness, kurtosis) [1–8]. Wave number spectra have been
estimated from single-point time series by assuming ‘frozen flow’ in one direction [56], even
though flows can be at least 2D in the edge plasma. Some recent examples of the use of these
techniques can be found in [57].

Various other more specialized statistical techniques have been applied to edge turbulence
data. Nonlinear couplings can be evaluated using bicoherence analysis [58–61]. Intermittent
events (coherent structures) can be identified by various techniques [62–66]. Other statistical
times series analyses include fractal dimensionality [67, 68], self-similarity [69–71], long-
range correlations [72] and waiting or quiet time distributions [73,74]. Some of these methods
require large data sets since they can be sensitive to infrequent events in the tail of the PDF.

4.2. Two-point time series

Time series from two nearby sample volumes can be analysed using the standard coherence
function, from which the frequency-resolved correlation coefficient and relative phase can
be evaluated. These phases can be used to estimate the k spectrum and the results can be
presented as a (statistical) plot of the frequency versus wave number [75]. A phase velocity
in the direction of separation can also be calculated, but its interpretation is ambiguous if the
actual phase velocity also has a component in another direction, e.g. an artificial radial velocity
could be inferred from the poloidal motion of a ‘tilted eddy’ [44, 76].

If the two measured points have a variable separation, the 2D structure and motion of the
coherent structures can be estimated using the ‘conditional sampling’ or ‘conditional averaging’
technique [77–80]. This method generally identifies only features which are large amplitude
(e.g. twice the standard deviation) and finds only the time-averaged behaviour over an ensemble
of similar events.

4.3. Multipoint measurements and image analysis

Significantly more physical information can be obtained by making measurements at three
or more points. For example, three nearby points are often used in order to evaluate the
turbulence-induced E ×B transport, two to measure the local potential fluctuations and one to
measure the density fluctuations (see section 5.9). Four probes are often used to estimate the
Reynolds stress, two for each of the two electric field directions (see section 5.8). Linear arrays
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Table 1. Range of edge plasma parameters.

B = 2–45 kG (toroidal magnetic field)
ne ≈ (0.1–10)×1013 cm−3 (electron density)
Te ≈ 10–100 eV (electron temperature)
ρs ∼ 0.01–0.2 cm (ion gryoradius assuming Ti = Te)
νei ∼ 105–107 s−1 (electron–ion collision frequency)
βe ∼ 10−3–10−5 (total edge beta)

can be used to directly measure the k spectrum (see section 5.3) and to look for asymmetry in
the direction perpendicular to the main B field (see section 5.4).

Image analysis of 2D edge turbulence data from optical diagnostics has been used to
identify 2D turbulence velocity fields in DIII-D [43,81–83], and also the structure and motion
of intermittent coherent structures or ‘blobs’ in Alcator C-Mod [84, 85], TJ-II [86] and
NSTX [48, 87]. There have also been many detailed studies of the tracking and visualization
of coherent structures in neutral fluids, e.g. [88].

4.4. Wavelet analysis of edge coherent structures

From the observations of bursts in single-point edge turbulence measurements a detailed
analysis can be done to study the statistical properties of fluctuations at different time scales
τ = 1/f . By applying to these signals the continuous wavelet transform (CWT), a set of
wavelet coefficients Cτ (t) can be obtained for each time series; Cτ (t) represents the time
behaviour of characteristic fluctuations at each time scale τ [89,90]. The statistical properties
of bursts can be recognized from the PDFs [63, 91, 92] of the normalized wavelet coefficient
fluctuations δCτ/στ (στ is the rms of Cτ (t)). To quantify the weight of the tails with respect
to the core of distribution, the scaling of flatness with τ has been considered. In the case
of self-similar processes [93] the PDF of normalized fluctuation does not change its shape
at different time scales. This reflects a constant flatness at all scales, whereas if the PDF of
normalized fluctuations shows an increase in the tail at smaller scales the process is not self-
similar and exhibits an intermittent character, implying an increase in flatness at smaller time
scales.

5. Experimental results

There have been well over 300 experimental papers on edge turbulence measurements made
on over 30 toroidal fusion devices since the late 1970s. This section will summarize the
main experimental results from these papers with a few representative examples and mention
counter-examples where appropriate. Papers on the theory of edge turbulence will not be
discussed except when they contain comparisons with specific edge turbulence measurements.
Edge localized modes (ELMs) and other ‘MHD’ phenomena will not be discussed here.

Table 1 shows the typical range of edge plasma parameters for the experiments described
in this section. Since many of the experimental results are common to many of the devices,
some effort has been made to provide a diversity of references, and not every experimental
paper in this field has been cited. Previous reviews can be consulted for further details and
references [1–8].
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Figure 1. Profiles of edge plasma parameters and edge turbulence measured using a reciprocating
Langmuir probe in D-IIID during Ohmic plasmas [94]. Qualitatively similar profiles of density
and potential fluctuations are found in essentially all tokamaks and other toroidal fusion devices.
The estimation of the turbulence-driven particle flux (bottom curve) is discussed in section 5.9.

5.1. Edge turbulence levels

The radial profiles of edge turbulence are fairly universal and similar to those shown in figure 1,
which were made on neutral beam heated plasmas in the DIII-D tokamak using a movable
Langmuir probe [94]. The relative electron density fluctuations at the outboard midplane
generally increase from δn/n ∼ 5% a few cm inside the separatrix to δn/n ∼ 100% in the
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Figure 2. Comparison of the frequency spectrum of edge density turbulence from various stellarator
and tokamak devices [111]. These spectra were all taken with Langmuir probes at the radius where
the poloidal turbulence flow speed was near zero. After the frequencies were rescaled by the factors
shown in the legends and the amplitudes normalized, all the curves have nearly exactly the same
shape. The edge turbulence spectra have a similar shape in most toroidal fusion devices.

far SOL, and generally increase monotonically with radius and vary smoothly across the last
closed magnetic surface. Qualitatively similar results to figure 1 are seen in Ohmically heated
plasmas in DIII-D, and in most other toroidal fusion devices e.g. in TFTR tokamak [95], the
ATF stellarator [96] and the RFX RFP [97]. Variations of these edge turbulence levels with
plasma parameters such as the line-averaged density are discussed in section 5.5.

The relative plasma potential fluctuation level normalized to Te has a similar magnitude
to δn/n, but does not necessarily follow the Boltzmann relation δϕ/Te = ñ/n, e.g. in
TEXT [51] and in RFX [98]. The measurement of electron temperature fluctuations is difficult
but generally shows δTe/Te ∼ (0.3–0.4) δn/n, e.g. in DIII-D [99], TEXT [100], the SINP
tokamak [101] and the FTU tokamak [102]. In JET it was found that δTe/Te ∼ 0.1 throughout
the SOL [103]. In RFPs the edge electron temperature fluctuations show δTe/Te ∼ 0.5δn/n

in the frequency range lower than 250 kHz [98], as obtained with a triple Langmuir probe in
RFX at low plasma current values. The same level was confirmed from measurement with
helium line intensity ratios, at higher plasma current values, but limited to frequency range
lower than 5 kHz [46].

The turbulent particle flux profile as shown at the bottom of figure 1 can be calculated
from the density and potential signals, as described in section 5.9. There is also a small level of
broadband edge magnetic turbulence in tokamaks and stellarators of typically δBr/BT ∼ 10−5,
increasing to δBr/BT ∼ 10−4 inside the last closed flux surface [104–106], which generally
has a negligible direct effect on edge transport. In RFPs the relative edge magnetic fluctuation
levels are much higher, i.e. δBr/BT ∼ 10−2 [107,108], but much of this is due to a superposition
of many coherent global modes and not to small-scale turbulence.

A distinction is sometimes made between the ‘near-SOL’, which is located just outside
the separatrix, and the ‘far-SOL’, which is located nearer to the wall [109,110]. The near-SOL
is characterized by relatively large average gradients and near-Gaussian statistics, while the
far-SOL can have nearly flat average gradients and strongly intermittent, convective transport.

5.2. Frequency spectra and phase velocity

The frequency spectrum of edge turbulence is generally flat up to some critical frequency in
the range ∼10–100 kHz, depending on the device, above which it falls like an inverse power
law with exponent ∼(1–4). This is illustrated in figure 2 by data taken with Langmuir probes
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on four different devices [111]. This data was taken at radial positions where the poloidal
phase velocity Vpol ∼ 0, which generally occurs near (or the just inside) the last closed flux
surface. For this figure the frequency ranges were ‘rescaled’, e.g. the JET tokamak frequencies
were actually ∼4.5 times lower than those in the TJ-I tokamak (which was not rescaled). After
normalizing these spectra vertically, all of the curves have nearly exactly the same shape.
Similar spectra have been seen on toroidal fusion devices since 1964 [112].

The phase velocity of the edge turbulence in the poloidal direction in a tokamak, e.g. [51]
or stellarator, e.g. [113] is typically �106 cm s−1 (in the lab frame), and generally changes
sign from the electron diamagnetic drift direction inside the last closed flux surface to the
ion diamagnetic drift direction in the SOL. The phase velocity in a RFP in the direction
perpendicular to the magnetic field (and perpendicular to the minor radius) is in the toroidal
direction, but behaves similarly, e.g. [114]. Thus, there is usually a relatively strong velocity
‘shear layer’ just inside the last closed flux surface, with or without a divertor or an H-mode.

The radial velocity of edge turbulence in tokamaks and stellarators is generally comparable
to or smaller than the poloidal velocity near or inside the last closed flux surface, but the outward
radial velocity can be larger than the poloidal velocity in the SOL, typically ∼105 cm s−1 (or
∼ a few % of the local sound speed). The radial velocity of intermittent objects slowed down
with increasing radius in the SOL of DIII-D [62], but was roughly constant with minor radius
in Alcator C-Mod [85]. The radial velocity is particularly important due to its relationship to
the cross-field transport in the SOL (see section 5.9).

5.3. Spatial structure

The spatial structure of edge turbulence generally consists of highly elongated 3D ‘filaments’
with a size scale much smaller than the plasma radius perpendicular to B but much longer than
the plasma radius along B. Figure 3 shows an example of the perpendicular 2D radial versus
poloidal structure of edge density turbulence as measured with GPI diagnostic on Alcator C-
Mod [115]. Qualitatively similar 2D images have been measured on DIII-D [116], NSTX [117]
and W7-AS [76].

Edge turbulence in tokamaks and stellarators has a spectrum-averaged poloidal correlation
length Lpol ∼ 0.5–5 cm and a radial correlation length Lrad ∼ (0.5–1) Lpol, although the
measurements on TEXTOR yielded Lrad ∼ (0.25–0.33) Lpol [118]. In RFPs the edge magnetic
field is all poloidal so the turbulence structures are elongated filaments in the poloidal direction
and move in that toroidal direction. The average toroidal correlation length is Ltor ∼ 10–20 cm
with Lrad ∼ (0.2–0.4) Ltor [97, 119].

Several measurements of the 1D k spectra have also been made, generally with 1D probe
arrays or multipoint optical techniques [42, 115, 120]. In tokamaks and stellarators, the shape
of the kpol spectrum (integrated over frequency) is roughly similar to the shape of the frequency
spectra (integrated over kpol), as expected from a simple ‘frozen flow’ hypothesis. The shape of
the krad spectrum in the edge is sometimes difficult to measure since the plasma parameters are
often changing on a radial scale comparable to the radial correlation length. The spatial scale
of intermittent structures or ‘blobs’ is not necessarily the same as the spatial scale measured
by the spectrum-averaged correlation length. The structure of intermittent objects is discussed
in section 5.6.

The parallel structure of the edge turbulence along the local magnetic field has been
measured several times with Langmuir probes with the result that LII � L⊥, e.g. [76,121,122].
This structure is also seen in the nearly 2D filamentary structure of light emission from the
edge [40, 85, 123] and is expected theoretically due to the rapid electron motion along B.
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Figure 3. Two dimensional structure of the edge turbulence perpendicular to the magnetic field
in the Alcator C-Mod tokamak, as measured by the GPI diagnostic near the outer midplane
separatrix [115]. Shown here are four successive images of the Dα light emission each exposed
for 2 µs and separated by 16 ms. These images each cover a region 6 cm × 6 cm in space with the
orientation indicated at the bottom and left, and have all been normalized to the time-averaged Dα

emission. Qualitatively similar 2D structure has been seen in many other toroidal fusion devices.

5.4. Poloidal variations

In limited (i.e. non-diverted) tokamaks, a similar relative edge density fluctuation level on the
high-field side (low-R) and low-field side (high-R) midplane was reported in the CCT [124]
and CASTOR [125] tokamaks. However, a significantly lower relative density fluctuation
level, turbulence size and turbulent radial transport were seen on the high-field side SOL for
the T-10 tokamak [126, 127]. An up/down asymmetry of edge turbulence was reported in the
limited tokamaks TEXT [26] and Tore Supra [128]. Recent measurements in the stellarator
LHD showed an approximate up/down symmetry in the edge density fluctuations [129].

In diverted tokamaks, the relative fluctuation level in the high-field side SOL was up to
10 times lower than that on the same flux surface at the low-field side SOL on Alcator C-
Mod [115, 130]. Measurements of electrostatic potential fluctuations near the X-point of the
DIII-D divertor showed a reduced level compared with outer midplane and the upper (non-X-
point) poloidal location [131], and a difference in intermittency was seen between the low-field
and high-field sides of the divertor X-point in MAST [132].

Thus, a significant poloidal asymmetry of the edge turbulence can occur in tokamaks.
However, it is not yet clear whether these asymmetries are due to the direct effects of the
magnetic topology or localized limiters, or to the indirect effects of these edge asymmetries
on the edge plasma parameters or flows. It is clear that poloidal variations should be evaluated
before drawing any conclusions concerning turbulent transport [133].
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5.5. Plasma parameter scalings

The clearest scaling of edge turbulence for tokamaks and stellarators is for the poloidal size
scale, e.g. [134]:

〈kpol〉ρs ∼ 0.02–0.1, (1)

where 〈kpol〉 is the average poloidal wave number and ρs is the local ion gyroradius (assuming
Ti = Te). The form of this scaling was motivated by simple theoretical models which
predict the linear growth rate for drift waves to peak near 〈kpol〉ρs ∼ 0.3. Most tokamaks
and stellarators show this scaling [1–6], including recent results in DIII-D L-mode plasmas
(for r/a � 0.95) [120] and the TJ-K torsatron [135]. Most of this scaling seems to be due to
the inverse relationship between poloidal correlation length and toroidal magnetic field [41].

Another theory-based scaling is the ‘mixing length’ limit:

δn/n ∼ 1/(kradLn), (2)

at which point the fluctuations can flatten the average radial density gradient (where Ln =
n/(dn/dr)). The evidence for this scaling comes mainly from the increase in the relative
fluctuation level δn/n with increasing minor radius, for r/a < 1. Density fluctuation levels
were seen to scale versus radius as (ρ∗)1.4±0.4 in DIII-D [120]. However, systematic scans in
TEXT [134] did not show a variation of δn/n with ρs/Ln, as would be implied by equations (1)
and (2), and equation (2) is not consistent with the evidence for strong intermittency and
convective transport in the far-SOL (see section 5.6), where the fluctuations are large but the
density is flat, such as illustrated in figure 1.

The scaling of edge turbulence with plasma density has been studied on many devices,
although universal trends are not yet quite clear. The relative edge density fluctuation levels
were insensitive to the SOL density in the Caltech [136], TEXT [134], Alcator C-Mod [109]
and DIII-D [110] tokamaks and in the W7-AS stellarator [76]. The poloidal correlation length
increased with line-averaged density in ASDEX [41], and the radial correlation length increased
with line-averaged density in TEXTOR [118]. The density of intermittent events in the SOL
was linearly proportional to the edge plasma density in L-mode plasmas in DIII-D [137], and
an increase in fluctuation levels in the ‘near-SOL’ was seen near the density limit in Alcator
C-Mod when ‘blobs’ were seen to form inside the separatrix [109, 138]. An increase in the
radial size of blobs was seen with increasing density in MAST [139].

The relative edge density fluctuation level was roughly independent of the plasma current
and edge safety factor q(a) in the ASDEX and TEXT tokamaks [41,134], which is consistent
with the similarity between edge turbulence of tokamaks, stellarators and RFPs. The relative
edge magnetic turbulence level δBr/B increased dramatically with decreased q(a) in the
Tokapole II [105].

For comparison with edge turbulence theory, it is natural to evaluate the scaling of edge
turbulence with local dimensionless plasma parameters, e.g. collisionality, beta or normalized
gyroradius (see section 6.2). However, it is often difficult to take into account the possible
influence of other factors such as edge magnetic topology, the geometry of the limiters and/or
divertor plates, the presence of neutrals, impurities or radiation [140], the level of coherent
MHD activity, or edge electric fields and rotation. Thus, a definitive scaling of edge turbulence
has not yet been achieved.

5.6. Intermittency and coherent structures

Large but intermittent transient events are often seen in the time series of edge turbulence
signals, particularly in the SOL. The average level of intermittency can be characterized by
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Figure 4. Evidence for intermittency in edge turbulence as measured by the non-Gaussian PDFs
of edge density fluctuations in the TEXTOR tokamak [65]. These PDFs were measured by a
Langmuir probe for the SOL at r/a = 1.07 (left) and in the plasma edge at r/a = 0.95 (right). The
intermittency, skewness and kurtosis of these signals increase in the SOL. Similar intermittency is
seen in the turbulence-induced edge particle flux.

the shape of the PDF of the amplitude distribution, as illustrated in figure 4 from the TEXTOR
tokamak [65]. Qualitatively similar intermittency in the edge density, potential and/or turbulent
transport flux have been seen on many toroidal fusion devices, e.g. the ADITYA tokamak [141],
T-10 [142], CASTOR [143,144], DIII-D [137], MAST and Tore-Supra [145], W7-AS and TJ-
II [146], TJ-K [92], RFX [91, 147], SINP [148] and HT-7 [149]. Generally the skewness is
positive in the SOL (i.e. dominated by large amplitude events), but is sometimes negative inside
the separatrix or limiter radius (i.e. with density ‘holes’), e.g. seen in DIII-D [62], NSTX [150]
and the linear machine LAPD [151]. Intermittency in the magnetic turbulence has also been
observed in the MST RFP [152].

This intermittency seen in time series data is normally associated with coherent structures,
which are relatively long-lived, self-organized (but not periodic) ‘objects’ which move within
the turbulence. Coherent structures have been seen in neutral fluids [153], but are difficult
to identify since their structure and motion are not necessarily reproducible. Coherent
structures in edge turbulence are often called ‘intermittent objects’ or ‘blobs’, and are usually
measured as the 2D structure perpendicular to B of the 3D filaments. Attempts have been
made to characterize edge coherent structures using 2D space versus time measurements
[48, 86, 143, 154], conditional sampling [62, 85, 137] and wavelet analysis [155]. The parallel
correlation length of these structures appears to be much longer than the perpendicular
scale [85], similar to the filamentary structure of the broadband turbulence.

The interplay between intermittent transport events and sheared flows is an active area of
research (see section 5.8). The PDFs become more Gaussian in the presence of perpendicular
sheared flow, and fluctuation signals show a bursty character with spikes that are asymmetric
in time. This time asymmetry of fluctuation events is minimum close to the shear layer [57].
These characteristics have been observed both in fusion and low temperature plasmas.

5.7. L-mode versus H-mode

In tokamaks and stellarators there can be a spontaneous transition from low (L-mode) to high
(H-mode) confinement usually associated with the formation of an edge transport barrier. The



Edge turbulence measurements in toroidal fusion devices S13

observed changes in edge turbulence from L-mode to H-mode are correlated with changes
in edge flows (see section 5.8), and at least a transient reduction in turbulent transport (see
section 5.9). Similar transitions can be externally created by biasing electrodes in the edge
(see section 5.10).

Comparisons of edge turbulence measurements in L-mode versus H-mode plasmas have
been made with all edge turbulence diagnostics of section 3. Heavy ion beam probe
measurements showed a sudden decrease in the edge potential just inside the separatrix at
the L–H transition, followed by at least a transient reduction in the edge density fluctuation
level [156]. Edge density turbulence levels just inside the separatrix (in between the times of
ELM events) usually drop just after the L–H transition, but often recover to their L-mode levels
later in the H-mode phase [157–159], possibly due to the increased edge pressure gradient.
Turbulence levels in the far-SOL seem to be only slightly reduced in H-mode (in between the
times of ELM events) [110, 131, 153], as illustrated in figure 1. Interestingly, edge turbulence
measured using collective CO2 scattering in W7-AS was higher in the high density H-mode
than in the normal confinement mode [27]. A reduction in Te fluctuations was associated with
the shear flow in biased H-modes in TEXTOR [99].

There is less evidence about the changes in turbulence size scale at the L–H transition. An
increase in the poloidal correlation length from L-mode to H-mode was observed on the PBX-
M tokamak [160], but no significant changes in the radial correlation length were observed on
the ASDEX [161], NSTX [117] or Alcator C-Mod [138].

Changes were seen at the L–H transition in DIII-D in the intermittency [137], bispectral
coupling [162] and nonlinear dynamics [163]. Langmuir probe measurements have also seen a
change in the phase and correlation coefficient between the density and potential fluctuations,
which enters into the turbulent transport rate [164, 165]. A difference between the long-time
period correlations in L-mode and H-mode was seen in MAST [71]. Other measurements of
turbulence changes with the L–H transition are mentioned in the next three sections.

5.8. Edge flows

The relationship between edge flows and the edge turbulence is an interesting and complicated
subject. Most of this work has focused on the ‘shear layer’ formed by the dc radial electric field
just inside the limiter or magnetic separatrix, e.g. [166, 167]. This shear layer can in theory
cause a radial decorrelation and/or ‘suppression’ of edge turbulence and turbulent transport.

In the TEXT tokamak there was some reduction in the turbulence observed within the
shear layer in Ohmic (L-mode) plasmas [168]. In the TJ-II stellarator [169] and in JET [170]
there was a coupling between the onset of shear flow development and the level of plasma
edge turbulence near the last closed flux surface. Interestingly, in DIII-D there was a better
correlation between the L–H transition and the edge turbulence phase velocity rather than the
E × B flow velocity [171].

Some insight into the possible origin of the edge shear flows has been obtained by
measuring the Reynolds stress R, which estimates the rate of momentum transfer between
the mean flow and the turbulence; e.g. for tokamaks and stellarators:

R = −〈δvradδvpol〉 (3)

(for RFPs, poloidal is replaced by toroidal). A recent result of this measurement using four
Langmuir probes in JET is shown in figure 5(a), where the turbulence mean energy production
term is compared with the poloidal mean flow. This indicates (surprisingly) that the energy
transfer is from the mean flow to the turbulence within the region of the shear layer (r–
rsep = −20 to −10 mm) [172]. Reynolds stress measurements have also been made on several
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(a) (b)

Figure 5. In (a), the poloidal velocity of edge turbulence and the turbulent Reynolds stress
production, as measured using Langmuir probes in a limited Ohmic plasma in JET [172]. The
positive direction of the Reynolds stress indicates energy transfer from the mean flow to the
turbulence within the region of the shear layer (r–rsep = −20 to −10 mm). In (b) is the radial profile
of the E ×B toroidal drift in Extrap-T2R, along with the electrostatic and magnetic components of
the Reynolds stress, in which the energy is transferred from the turbulence to the mean flow inside
the last closed flux surface [178].

other devices, e.g. the TJ-II stellarator [173], the ISTTOK tokamak [174], the HT-6M [175]
and HT-7 tokamaks [176]; and the H-1 heliac [177]. In the Extrap-T2R RFP experiment the
driving role of electrostatic fluctuations was demonstrated by the spatial structure of Reynolds
stress and by the time behaviour of the mean energy production term, which supports the
existence of an energy exchange from small scales of turbulence to the larger scales of mean
flow in the inner shear region [178, 179], as shown in figure 5(b).

Low frequency zonal flows in the edge density fluctuations have been directly measured
recently on several devices. Most have been of the coherent geodesic acoustic mode (GAM),
e.g. in DIII-D [43, 180] and ASDEX-Upgrade [36], but some observations have also been
made of broadband lower frequency flows, e.g. in the CHS stellarator [54] and JFT-2M
tokamak [181]. Measurements on the H-1 heliac have suggested that edge zonal flows can
trigger an H-mode like transition [182, 183]. Evaluation of the bicoherence has suggested
poloidal flow generation preceding the H-mode transition in DIII-D [60] but not in NSTX [61].

Recently, radial profiles of the parallel-radial Reynolds stress component have been
measured in the plasma boundary region of the TJ-II stellarator [184]. Experimental results
show the existence of significant parallel turbulent forces at plasma densities above the
threshold value to trigger perpendicular E × B sheared flows. These results suggest parallel
turbulent force is also an important ingredient to explain flow momentum re-distribution in the
boundary of fusion plasmas (i.e. shear flow physics requires a 3D description). Due to the 3D
nature of the shear flow physics in fusion plasmas, several components of the production term,
including radial-parallel and radial-perpendicular components of Reynolds stress, should be
considered [185]. In addition, turbulent events (blobs) can provide an additional mechanism
for flow generation via Reynolds stress (e.g. eddy tilting). Quantifying the importance of such
mechanisms is an active area of research, e.g. [86].

5.9. Turbulent transport

The radial particle transport due to edge turbulence is usually evaluated from edge turbulence
measurements by assuming the local radial drift velocity is given by vr = Epol/B, i.e.


rad
n = 〈δn δvr〉 = 〈δn δEpol〉/B (4)
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(where poloidal is replaced by toroidal for an RFP). Thus, the transport flux depends on the
correlation coefficient and phase angle between the measured δn and δEpol, and so cannot be
estimated from δn alone. The magnetic fluctuation contribution to this particle flux is generally
negligible [2–5].

This E×B particle flux has been measured near the outer midplane of many fusion devices
using three nearby Langmuir probes, generally resulting in a large outward radial transport.
This was illustrated at the bottom of figure 1, which shows the flux during an ELM-free H-mode
to be 3–5 times less than during the L-mode [94]. Although the turbulent particle flux is roughly
consistent with the total particle loss rate across the last closed flux, e.g. [2–5; 186], the radial
profile of the turbulence-induced flux is generally not constant across the edge, suggesting
other particle balance effects are also present such as poloidal asymmetry, local ionization,
parallel loss to the wall, large-scale convective cells [187] and/or neoclassical transport.

Intermittent events in the SOL can cause a relatively large fraction of the turbulent
transport, e.g. about half of the turbulent transport in DIII-D was due to events with amplitudes
above 2.5× the rms deviation [62,110], and about half the edge diffusion in RFX and Extrap-
T2R was identified with intermittent bursts or vortices [63, 119]. The PDF of the radial
velocity in equation (4) has also been shown to have strong non-Gaussian features in the SOL
of JET [170]. Similar results have been obtained on Heliotron J [188] and Alcator C-Mod [189].
Thus, the radial particle transport in the SOL has a significant ‘ballistic’ or ‘convective’ flow
component and is not simply a diffusive process, as previously assumed in edge modelling.
This convective flux can cause large radial transport in regions with a shallow gradient and so
can deposit particles and energy in unexpected places.

The radial electron heat transport can be due to either electrostatic or magnetic fluctuations,
e.g. as in [4] (table IV):

Qrad
e = n〈δvrδTe〉 + Te〈δvrδn〉 + 〈QllδBr〉/B, (5)

where δBr is the turbulent radial magnetic field fluctuation level. The second (heat conduction)
term was measured to be significant in TEXTOR [190]. The last (magnetic fluctuation) term
has been measured in the edge of a few devices, where it was small compared with the first
term (i.e. the particle flux) [108,191,192]. The radial ion heat transport due to edge turbulence
has not yet been measured.

To clarify the mechanisms that are at work, it is important to understand the possible link
between the radial velocity and other properties of the transport events, and to compare the
radial transit time of the blob to the first wall with the characteristic time of transport to the
divertor plates along the magnetic field. The order of magnitude of the measured radial blob
propagation velocity suggests that a competition between both parallel and radial transport is
needed to explain particle losses in the SOL region of fusion plasmas (i.e. to predict the particle
and energy fluxes onto the divertor plates in ITER).

5.10. Turbulence control

It would be useful to be able to directly control edge turbulence since the edge transport cannot
yet be predicted for future burning plasma devices. For example, it would be useful to learn
how to increase the SOL thickness in order to spread the heat over a wider region at the divertor
plates, while at the same time avoiding damage to first-wall structures near the outer midplane.

Edge turbulent transport has been changed in many experiments by inserting biased
electrodes into the plasma, as reviewed recently [193]. These experiments have found a
correlation between edge shear flow and turbulent transport reduction, e.g. in the TEXTOR
tokamak [190], in the KT-5C tokamak [194] and RFX [195]. Similar experiments have been
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done using the less intrusive biasing of limiter and/or divertor plates, e.g. on the ISTTOK
tokamak [196]. Floating potential fluctuations in the SOL were reduced by a positive limiter
bias and increased by a negative limiter bias on the STOR-M tokamak [197], and large
fluctuation events were reduced by a negatively biased emissive electrode in ISTTOK [198].
Biasing experiments in the TJ-II stellarator showed improved confinement regimes similar to
tokamaks, e.g. [199].

Experiments Tore-Supra have shown significant changes in the edge turbulence during
ergodic divertor (ED) operation [200], and recent experiments with the ED on TEXTOR [201]
have shown a change in the sign of the turbulent particle flux from outwards to inwards in the
ergodic zone. The effect of a rotating helical magnetic field on the fractal structure of edge
turbulence was studied on the HYBTOK-II tokamak [68]. Edge turbulence has been changed
by the introduction of RF waves into the edge plasma; for example, by Alfven waves in the
TCABR tokamak [202] and by lower hybrid waves in the HT-7 tokamak [203]. Plasma wall
conditions also seemed to influence the edge turbulence in HT-7 [204].

Active control of edge turbulence using ac biased probes was first attempted on TEXT
using both periodic forcing and feedback [205]. More recently periodic driving experiments
were done on W7-AS [206], where it was concluded that a subdivided array of actively biased
divertor targets might be able to control edge turbulence in fusion devices. Mode selective
control of drift wave turbulence was also investigated experimentally and theoretically in a
linear device MIRABELLE [207].

6. Discussion

This section discusses the results of section 5 in relation to non-fusion magnetized plasmas
(section 6.1) and to edge turbulence theory (section 6.2). It also presents some directions for
further research (section 6.3) and a summary and conclusion (section 6.4).

6.1. Comparison with non-fusion devices

As discussed in sections 5.1–5.3, edge density turbulence has similar characteristics in all
toroidal fusion devices, e.g. tokamaks, stellarators and RFPs e.g. [3,4,7,114,208]. Qualitatively
similar turbulence is also seen in the interior of simple magnetized toroidal plasmas (with no
plasma current); for example in Blaamann [209], TEDDI [210], BETA [211] and TORPEX
[212]. This shows that closed magnetic surfaces are not essential for the formation of edge
turbulence, which is not surprising given the similarity of edge turbulence across the last closed
flux surface in fusion devices.

Plasma intermittency measured in linear devices sometimes has properties similar to those
in toroidal fusion devices, for example, in a Q-machine [77], LAPD [151]. PISCES [213] and
Mistral [214]. Instabilities in other linear devices tend to be dominated by a few well defined
mode structures rather than broadband turbulence, e.g. in VINETA [215], and the Columbia
Linear Machine [216]. The transition from discrete modes to turbulence can also be studied,
e.g. in KIWI [217] and CSDX [217, 218] and in a low beta plasma column [219, 220].

6.2. Comparisons with theory

There has been a longstanding effort to compare edge turbulence measurements with theory
or numerical simulation of edge turbulence, as reviewed previously [1–8]. Most recently
these comparisons have been done using generalized nonlinear dynamics models or direct
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numerical simulation. Some of these recent comparisons between experiment and theory in
edge turbulence will be summarized here.

Some insight into edge turbulence physics can be gained by searching for statistical patterns
in the data and comparing them to general models of nonlinear dynamics. Evidence for self-
similarity and long-range correlations in edge turbulence was found by evaluating the Hurst
parameter for various devices [71,221]. There have been several analyses of the ‘universality’
and self-similarity done by comparing the statistical properties of edge turbulence from various
stellarators, tokamaks and linear devices, e.g. the frequency spectra of JET, W7-AS and TJ-
1U [72, 111], the PDFs of Alcator C-Mod, W7-AS and TJ-II [222], and various statistical
measures of Tore-Supra, MAST, Alcator C-Mod and PISCES [145]. Self-similarity of density
turbulence in the far-SOL was also observed in the TCV tokamak [223] and in RFX-mod [224].
Time-correlated groups of bursts were observed in the SOL of CASTOR and identified with
radial ‘fingers’ in an interchange model [225]. Evidence for self-organized criticality (SOC)
in edge turbulence was seen in DIII-D [226] and TEXTOR [227]. A search for SOC in RFX
showed results inconsistent with this model [73], although a modified SOC model was more
consistent with the data [228].

Another approach to experiment–theory comparisons of edge turbulence is to use analytic
models to study the scaling with specific dimensionless parameters. For example, scalings of
edge turbulence with drift wave theory parameters were done in TEXT [134], and the scaling of
turbulence with the velocity shear induced by edge biasing was compared with various analytic
theories in TEXTOR [229]. The scaling of the turbulence size scale with ρs was studied in
DIII-D [120] and TJ-K [135], and a comparison of edge radial correlation lengths just inside
the separatrix in DIII-D with analytic models was done in [230]. Identification of vortex-like
coherent structures in edge turbulence was made in ADITYA [231] and RFX [119].

Direct comparisons of analytic ‘blob’ models with experimental results are beginning to
be made, e.g. using GPI data from NSTX [232]. From the theoretical point of view, some
models predict the radial speed to increase as the square root of the blob size [233], but so
far preliminary empirical scaling of blob size (normalized to gyroradius) versus radial blob
radial speed (normalized to sound speed) has shown a fairly wide range of scatter among
different devices [234]. Experimental tests of H-mode modes based on the suppression
of edge turbulence by E × B velocity shear-stabilization [235] have been made, but some
issues remain unresolved [236]. The clearest comparisons are with imposed electric fields
due to biasing, where good agreement has been obtained between simulations and turbulence
measurements [190,237]. Experiments have suggested that the mechanism of the spontaneous
L–H transition may be related to spectral condensation similar to that in a 2D fluid [238].

Direct comparisons between edge turbulence measurements and numerical simulations
are difficult and need to be done on a case-by-case basis. One example is illustrated in figure 6
for the plasma in the SOL of the TCV tokamak [239]. This comparison shows good agreement
between probe measurements and the 2D nonlinear interchange code ESEL, but some details
such as the 3D magnetic geometry have not yet been included in the model. Comparisons of
the DIII-D fluctuation measurements with theory (mainly for the core plasma) were reviewed
in [240]. Measurements of the kpol spectrum of edge turbulence in Alcator C-Mod were in fairly
good agreement with a 3D nonlinear fluid turbulence code NLET, at least in the SOL [115].
Measurements of the frequency spectrum and amplitude of the L-mode edge turbulence in
ASDEX-Upgrade were in tentative agreement with the DALFTI turbulence code just inside
the separatrix [39]. The measured frequency spectrum in the TJ-K torsatron was similar to the
spectrum calculated for the same dimensionless parameters by the DALF3 code [241, 242].
Initial comparisons of the simulation results from the BOUT edge turbulence code with edge
turbulence measured in DIII-D were described in [131, 137, 243], and a direct comparison
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Figure 6. Comparison between edge turbulence measurements in the SOL of the TCV tokamak
and numerical simulations from the ESEL code [239]. At the left is the radial profile of the
autocorrelation time, and at the right is the conditionally averaged time dependence of the density
waveforms for intermittent bursts exceeding 2.5 times the standard deviation. The horizontal
coordinate at the left is 0 at the separatix and 1 at the wall shadow.

between a 2D fluid turbulence simulation and CASTOR floating potential fluctuations was
recently reported [244]. A comparison of SOL parameters (but not turbulence) with the fluid
turbulence model ‘phase space’ parameters was done for Alcator C-Mod [245].

In some sense the similarity of edge turbulence across many devices with different
magnetic geometry and plasma parameters makes it more difficult to isolate the physical ‘drive’
and ‘damping’ responsible for the turbulence in specific devices. However, such ‘universality’
seems to be real, and qualitatively similar to normal fluid turbulence.

6.3. Directions for further research

Despite much good effort, there is still considerable uncertainty about the dimensionless
scalings (section 5.5), the causes of intermittency (section 5.6), the L–H transition (section 5.7),
the relationship of flows and turbulence (section 5.8), and the transport processes which
determine the heat and particle loads on the first wall (section 5.9). Many of these phenomena
seem to be interrelated; for example, the study of the properties of large intermittent events
(blobs) has recently changed the standard (diffusive) picture of turbulent transport in the
SOL, and the possible coupling between intermittency and plasma flows is an active area of
research. Improved connections between theory and experiment will be necessary to untangle
and understand these complex interactions.

Significant progress on the characterization of edge turbulence could be made using
existing diagnostics on present devices. The poloidal distribution of the turbulence levels in
diverted tokamaks can be measured to clarify the causes of asymmetry. The parallel wavelength
could be more accurately measured to determine whether the turbulence is drift-like or flute-
like in various regimes and devices. The scaling of the turbulence levels with dimensionless
plasma parameters should be revisited, keeping in mind the possible influence of neutral and/or
atomic physics.

There is also room for new diagnostics of edge turbulence. Non-perturbing optical
measurements of turbulent velocity fluctuations might be made using interference filters [246].
Measurements of fluctuations in the ion distribution function might be made using laser-induced
fluorescence to evaluate kinetic effects on edge turbulence [247]. Fast IR cameras have been
used to measure the transient first-wall heating due to ELMs [248], and might be improved
enough to measure the heating due to intermittent blob-like structures impacting the first wall.
It would be highly desirable to measure edge magnetic turbulence without probes, but no good
technique is available.
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Despite the progress of recent experiment–theory comparisons, it is still not possible to
predict edge transport from ‘first-principles’, e.g. for the SOL thickness in ITER. Thus, it
would be useful and interesting to develop methods to actively control edge turbulence. Some
ideas have already been tested, as discussed in section 5.10. Untested ideas include the creation
of convective cells by limiter biasing to increase the SOL width [249] and the creation of a
transport barrier to reduce the SOL width [250]. It is also possible that edge turbulence could
be controlled by creative applications of RF waves or particle fuelling.

6.4. Summary and conclusion

This paper has reviewed measurements of edge turbulence in toroidal fusion devices in terms of
the fluctuation levels, frequency spectra, size scales, poloidal distributions, parameter scalings,
intermittency, L–H transitions, edge flows and transport. To a first approximation, the nature
of edge turbulence is qualitatively similar in all regimes and devices, although there are also
significant variations within any single device.

Some noteworthy recent advances include 2D imaging diagnostics, identification of
intermittency as a significant SOL transport mechanism, and evaluation of the coupling between
edge turbulence and flows. There have also been significant improvements in the analysis of
the nonlinear dynamics, e.g. using the Reynolds stress and bicoherence techniques.

However, many physics issues still remain unresolved from the experimental perspective.
Recent advances in the comparison of turbulence measurements with numerical simulations
may help to resolve these issues in the near future. The need for improved predictability and/or
active control of edge turbulence is also becoming increasingly apparent (see section 5.10),
therefore the invention and testing of new ideas in these areas is a timely challenge.
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