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Shear layers modify the turbulence in diverse ways and do not only suppress it. A spatial-
temporal investigation of gyrofluid simulations in comparison with experiments allows to identify
further details of the transport process across shear layers. Blobs in and outside a shear layer merge,
thereby exchange particles and heat and subsequently break up. Via this mechanism particles and
heat are transported radially across shear layers. Turbulence spreading is the immanent mechanism
behind this process.

PACS numbers:

I. INTRODUCTION

A large contribution to the transport of particles and
energy in the scrape-off layer (SOL) of magnetically con-
fined fusion devices is due to filamentary structures called
blobs [1]. Their potential to damage the first vessel walls
depends on their density and temperature which are de-
termined on one hand by their generation process close to
the hot and dense confined plasma and on the other hand
by their propagation process. In this article blob refers to
a coherent structure with high density with respect to the
surrounding fluctuation level. It is widely accepted that
poloidal shear flows increase the particle and energy con-
finement in fusion devices [2–6]. Recently, the extraor-
dinary role of shear layers for blob generation has been
identified [7–12]. A picture of blob ejection depending on
the shearing rate has been presented in Ref. [13]: Turbu-
lent structures are expected to be radially extended and
are more like streamers than isotropic blobs, if shear flows
are absent. These structures are explained by curvature-
driven interchange modes, which are supposed to arise
close to the maximum normalized pressure gradient. In
weak shear flow regimes, streamers generated inside the
confined plasma are expected to break up into blobs at
the shear layer [13]. In strong shear flow regimes, stream-
ers are expected to be strongly suppressed and blob pro-
duction should be low [13]. This mechanism of blob ejec-
tion applies for radially elongated structures, e.g. stream-
ers, that are generated inside the confined plasma and
subject to eddy breaking. However, poloidally elongated
structures are subject to eddy tilting only [14]. Even at
rather high shearing rates achieved in biasing induced
confinement transitions eddies do not break up [15, 16].
To the best of our knowledge, the only evidence for eddy
breaking can be found in Ref. [14]. There, eddy breaking
occurs only in the strong shear regime, below a critical
threshold the eddies are only tilted [14] and subject to
vortex-thinning [17–19].

A closer look to the dynamics at a shear layer in AS-
DEX Upgrade reveals two peaks in the cross-correlation
of two poloidally separated probes indicating blobs
poloidally propagating into opposite directions [20]. Also
in ALCATOR C-Mod a crossover of two opposite poloidal
velocities at the shear layer has been shown [21] and
in TJ-II two opposite poloidal velocities are observed
at a shear layer in the confined region [22]. How these
poloidal velocities are related to the radial transport is
studied here. It has been reported that drift waves in-
side the shear layer are correlated with blobs outside of
it [9, 23, 24]. Drift waves preferentially propagate in the
poloidal direction and not in the radial one across the
shear layer as interchange modes do. In this presenta-
tion, experimental data which in the present detail can
only be obtained in a low temperature plasma device as
the one in the TJ-K stellerator [25], and gyrofluid simula-
tions carried out with the GEMR code [26] are studied to
develop a drift-wave based model for blob ejection consis-
tent with the recent observations in the high temperature
plasmas in ASDEX Upgrade, Alcator C-Mod and TJ-II
[20–22].

II. TJ-K EXPERIMENTS

The dynamics of blob ejection was measured in low-
temperature plasmas of the stellarator experiment TJ-K.
The major and minor plasma radii of TJ-K are R0 = 0.6
m and a = 0.1 m, respectively. Long time series can be
measured as they are necessary for detailed statistical in-
vestigations. This is not possible in high-temperature fu-
sion devices and extremely demanding in numerical sim-
ulations. The ion temperature of TJ-K plasmas is less
than 1 eV [27] and the electron temperature is constant
at about Te = 10 eV. The working gases were hydro-
gen and helium. Plasma was generated by microwaves
at 2.45 GHz and 1.8 kW [28]. The line-averaged density
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FIG. 1: Cross-correlation of ion-saturation current fluctua-
tions (dashed, red line) and probability density of the cross-
correlation maxima of subwindows with 4ms duration (solid,
blue line) with varying distances to the LCFS. The poloidal
probe distance is 2.5 cm. (TJ-K, #5090, H, 2.45GHz)

was about n̄ = 1017 m−3 and the magnetic field strength
was B = 70 mT.

The poloidal velocity of turbulent structures in TJ-K
seems to change abruptly at a shear layer and not contin-
uously with the Er×B-drift [9]. The present contribution
investigates this shear layer in more detail, taking advan-
tage of the long-lasting and stable plasma discharges in
a stellarator. Ion-saturation current fluctuations have
been recorded simultaneously with two poloidally sep-
arated Langmuir probes. The sampling rate and reso-
lution of the data were 1MHz and 16 bit, respectively.
The red dashed lines in Fig. 1 show the cross-correlation
function of these signals at three different radial posi-
tions in the midplane of an outer port. The correla-
tion functions inside and outside of the last closed flux
surface (LCFS) show a clear maximum with negative
(Fig. 1a) and positive time delay τ (Fig. 1c), respectively.
This indicates, that turbulent structures in the confined
plasma (ds < 0mm) propagate poloidally in the elec-
tron diamagnetic direction (EDD). Structures in the SOL
(ds > 0mm) propagate in the ion diamagnetic direction
(IDD). A continuous shear layer is expected in between
these two radial measurement positions. The poloidal
velocity of radially propagating structures should be re-
duced in the shear layer before they are accelerated in
the opposite direction. Structures with low poloidal ve-
locities should cause large time delays of the correlation
maxima. Mainly radially propagating structures should
cause small time delays of the correlation maxima. In-
stead of this expectation, a double peak is observed in
the cross-correlation functions close to the LCFS in TJ-K
(Fig. 1b). The 512ms measurements have been cut into
128 sub-series and separately correlated to check whether
a reduced poloidal velocity would show up at least in
some of these 4ms sub-series. The probability distribu-
tions of the corresponding correlation maxima are shown
as solid blue lines in Fig. 1 for the same radial positions.
Even the short sub-series are dominated by structures
propagating either with one or the other velocity in dif-
ferent directions. This finding qualitatively reproduces
recent results from different experiments based on differ-
ent diagnostics [9, 20–22].
Ion-saturation current fluctuations have been mea-

FIG. 2: Poloidal cross section of conditional averaged ion-
saturation current fluctuations at different time lags τ . (TJ-
K, #8211, He, 2.45GHz)

sured over a whole poloidal cross-section of TJ-K to study
the spatio-temporal behavior of turbulent structures. A
2D movable Langmuir probe scanned the plasma at an
outer port with a step size of 1 cm in both directions. A
second fixed probe provided a reference signal for con-
ditional averaging [29], where ñe = 2σ is used as the
trigger condition with σ the standard deviation of the
signal. Using such a trigger condition, blobs are identi-
fied as coherent structures with high density in respect
to the surrounding fluctuation level.
Figure 2 represents coherent fluctuations with positive

and negative amplitudes by red and blue color with and
without contour lines, respectively. The dashed circle
marks the LCFS and the center of the plasma is located
at R−R0 = 4 cm and z = 0 cm. Inside the LCFS, a drift-
wave structure propagates clockwise, i.e. in the EDD. In
the SOL, a high density structure propagates counter-
clockwise in the IDD. Both structures are separated in
the first frame, touch each other in the second, unify
to one radially extended structure in the third and get
sheared apart in the last frame. Size and density of the
drift-wave structure inside the shear layer have been sub-
stantially reduced during this process. This could be ex-
plained by radial transport in the unified structure across
the shear layer.

III. GEMR SIMULATION

Of course, the conditions in TJ-K experiments dif-
fer from high temperature plasmas, where measurements
with comparable duration and spatial resolution are
not feasible. Simulations at ASDEX Upgrade relevant
plasma parameters [30] have been carried out to show
relevance of the observation for fusion devices. Simula-
tions provide the unique possibility to observe all relevant
quantities simultaneously. However, the ejection mecha-
nism of plasma blobs can only be observed in simulations
with self-consistently generated instead of seeded blobs.
Such a simulation is provided by the three-dimensional
gyrofluid turbulence model GEMR [26]. The GEMR
model assumes a circular cross-section with toroidal ax-
isymmetry. The coordinate system is aligned with the
equilibrium magnetic field. A set of grid points with con-
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FIG. 3: Conditional averaged turbulent structures in the
plasma potential (left-hand side) and density (right-hand
side), respectively, in the GEMR simulation at different time
lags τ to the fulfilling of the trigger condition at the position
of the black cross. The dashed and solid lines indicate nega-
tive and positive values, respectively. The difference between
two lines is 1 · 1017 m−3 and 1 V, respectively.

stant parallel coordinate represents a drift plane, which
is perpendicular to the magnetic field.
The open field lines corresponding to the SOL are im-

plemented by the boundary conditions via a perturbed
Debye sheath current [31], such to retain the conduct-
ing wall instability [31]. The actual boundary conditions
used in the simulation, which include the temperature
dynamics, can be found in Ref. [32]. Hence, the GEMR
model includes, besides the standard interchange physics
in tokamak geometry at the transition from closed to
open field lines, also the drift-wave and the conducting
wall instability. Although being a δ-f limited code the
gradients evolve freely, as required by the strength of
fluctuating dynamics in this plasma region. However,
the deviation from the preset background values has to
be small. Within this framework, experimental and mod-
eling results have already been compared with reasonably
good agreement [30, 33–35].
In sum, most of the effects which are believed to

play an important role for the plasma blob dynamics
are included at least in the near SOL, namely, three-

FIG. 4: Continuation of Fig. 3 after fulfilling the trigger con-
dition.

dimensional [36], electromagnetic [37], finite ion tem-
perature or finite Larmor radius [38–40] and shear flow
(amongst others the zonal flow and the geodesic acoustic
mode) effects [7, 8, 11]. More details on the present sim-
ulation parameters can be found in Ref. [30], because the
same data is analyzed in the following. Also for the nu-
merical data conditional average is used for the analysis,
therefore blobs refer to high coherent density perturba-
tions in respect to the surrounding fluctuation level.

In Ref. [32] it is shown that the turbulence in SOL
region is not generated there, but rather in the edge re-
gion, which serves as a source. By crossing the LCFS the
turbulence changes characteristic to interchange due to
changes in the parallel boundary conditions. The phase
distribution of density ahead of potential fluctuations in-
creases from small values in the plasma edge (typical for
drift-waves) to values closer to π/2 in the SOL (indicative
for interchange) [32]. The typical edge/SOL transition is
found to occur over 10–20 ρs corresponding to roughly 1
cm into the SOL which is in accordance to the shear layer
width [32]. In the present simulation as in recent obser-
vations in ASDEX Upgrade the region around the LCFS
is drift-wave dominated [30]. This region is investigated
in detail in the present contribution.

Figures 3 and 4 show the conditional average of plasma



4

potential (left) and density fluctuations (right) in GEMR
at different time lags τ . The analyzed data represents
the outer midplane. The reference signal (black cross)
to trigger the events was taken from close to the LCFS
(dashed vertical line) and the magnetic field is pointing
towards the observer. Solid contour lines indicate pos-
itive fluctuations (red background) and dashed contour
lines negative fluctuations (blue background). The pos-
itive potential structures are surrounded by an electric
field that causes a clockwise E×B-drift along the equipo-
tential lines. Two such vortices can be seen in the top of
Fig. 3. Their positive potentials in the left figures nearly
coincide with positive density amplitudes in the right fig-
ures. The vortex shown left of the LCFS, i.e. in the con-
fined plasma, propagates in the following frames upward
in the EDD. The vortex shown right of the LCFS, i.e. in
the SOL, propagates in the following frames downward in
the IDD. Both structures touch each other and connect
5µs before the trigger condition (ñe = 2σ) is fulfilled.
In the bottom of Fig. 3, the potential structures have
united to one single structure, which is extended across
the shear layer. This structure depicts the streamline
configuration of a vortex merger [41]. Around the two
local maxima an equipotential line has developed, called
the exchange band [41]. Via the exchange band particles
and energy can be transferred from one vortex to the
other. In the top of Fig. 4, the density blobs have also
united to one single structure. The maximum density is
reached in this frame and triggers the conditional averag-
ing (τ = 0µs). Potential and density perturbations are
roughly in phase which is a clear feature of drift-wave
dynamics. The poloidal gradient of the plasma potential
reaches its maximum in the same frame close to the trig-
ger position. A dipole appears in the coherent plasma
potential fluctuations inside the LCFS. This dipole ad-
vects particles via the E×B-drift radially across the shear
layer and LCFS into the SOL. The dipole is not centered
above the density perturbation. Although potential and
density are still roughly in phase, transport results from
the remaining phase shift between density and potential
perturbations. The poloidal background flow is contin-
uously active and shears the radially extended structure
in the following frames apart. This is similar to the stan-
dard break-up of a radial streamer by the action of shear
flow. In contrast to this standard picture, the break-up is
strongly correlated to the merging process. About 20µs
later, the two coherent structures are again separated and
propagate in opposite directions.

The observed process describes turbulent transport
across a shear layer on a microscopic level. It can be put
in an extended context by turbulence spreading, where
turbulent structures radially transport energy by merg-
ing and breaking up [42]. In general turbulence spreading
does not require a sheared background flow. By shrinking
the resonance manifold of the nonlinear interactions, the
energy cascade is limited to large-scale structures [43],
small-scale structures can only couple to the shear flow,
where they are absorbed [17]. The resulting effective

growth rate is reduced in wavenumber space [43], hence
only large-scale structures (the blobs) remain. In general
turbulence spreading can be expected to be very impor-
tant for the far SOL [44], where the mean gradients are
found to be flat. Thus, any strong events in that region
cannot be generated by the local background gradient
itself [44].

IV. DISCUSSION

Shear layers with two distinct opposite velocities have
been observed recently with different diagnostics and in
various environments. In the stellarator TJ-K, such a
shear layer has been identified with Langmuir probes at
the LCFS of a low temperature plasma [9] and explained
by a new mechanism in the present contribution. A simi-
lar mechanism was observed in the here presented GEMR
simulations of a tokamak with high temperature plasma.
Two opposed poloidal velocities have been resolved ex-
perimentally by Doppler reflectometry in the confined
plasma of the TJ-II stellarator [22]. The analysis of kf-
spectra from gas-puff-imaging revealed two distinct op-
posed velocities around the LCFS of the tokamak Alca-
tor C-mod [21]. Cross-correlation functions of Langmuir
probe measurements in the SOL of the tokamak ASDEX
Upgrade revealed a similar finding [20]. All this experi-
mental evidence indicates that shear layers with two op-
posite directed poloidal velocities might be a general phe-
nomenon. By definition the shear flow exhibits radially
different velocities which in a suitable frame of reference
appear in opposite directions. The presented mechanism
relies on a difference in the poloidal velocity. Hence, it
should occur wherever flow shear is present. At the ref-
erence position where the flow velocity vanishes also two
distinct opposite velocities can be expected.
In high temperature tokamaks, the radial electric field

Er has been found to change its sign outside of the LCFS
[20, 21]. The origin of shear layers in the SOL can be un-
derstood considering the divertor geometry. The poloidal
magnetic field around the X-point is close to zero. This
leads to a steep increase of the distance to the wall along
magnetic field lines close to the LCFS. Parallel gradients
can reduce the electron temperature in front of the tar-
get close to the LCFS much stronger than far outside the
LCFS. This leads to a peak in the electron temperature
in front of the divertor tiles, which is radially displaced
from the strike point of the LCFS [45, 46]. The displace-
ment of the peak temperature in the divertor can lead,
via the sheath potential, to the observed Er × B-shear
layer in the SOL [47].

V. CONCLUSION

It is commonly assumed that blobs are peeled off from
larger structures by the shear flow [13]. In the present
contribution a different mechanism of particle transport
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across shear layers has been proposed, which is consis-
tent with the two poloidal velocities of opposite sign pre-
viously reported in high temperature fusion experiments
[20–22]. Due to the background mean sheared flow, blobs
propagate in opposite poloidal directions inside and out-
side of the shear layer. When a blob from inside of the
shear layer meets one outside of it, they connect and
merge to one radially extended blob. The merged struc-
tures exchange particles and heat, which are transported
from the hotter and denser region to the colder and less

dense region radially outwards. Later on, the structure
breaks up again in the background shear and leaves a blob
like structure outside of the shear layer. This behavior is
reminiscent of turbulence spreading. The blob generated
in the SOL propagates not only poloidally with the back-
ground flow, but also radially outward. How this mecha-
nism contributes to the turbulence level in the near SOL
quantitatively will be presented in a subsequent study
[48].
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[28] A. Köhn, G. Birkenmeier, E. Holzhauer, M. Ramisch,

and U. Stroth, Plasma Phys. & Controlled Fusion 52,
035003 (2010).

[29] H. Johnsen, H. L. Pecseli, and J. Trulsen, Phys. Fluids
30, 2239 (1987).

[30] B. Nold, T. T. Ribeiro, M. Ramisch, Z. Huang, H. W.
Müller, B. D. Scott, U. Stroth, and ASDEX Upgrade
Team, New. J. Phys. 14, 063022 (2012).

[31] T. T. Ribeiro and B. Scott, Plasma Phys. & Controlled
Fusion 47, 1657 (2005).

[32] T. T. Ribeiro and B. Scott, Plasma Phys. & Controlled
Fusion 50, 055007 (2008).

[33] S. J. Zweben, B. D. Scott, J. L. Terry, B. LaBombard,
J. W. Hughes, and D. P. Stotler, Phys. Plasmas 16,
082505 (2009).

[34] F. Gennrich and A. Kendl, Plasma Phys. & Controlled
Fusion 54, 015012 (2012).
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