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Issues of Perpendicular Conductivity and Electric Fields in Fusion
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At present it is well understood that the key element in the transition physics is the origin of the strong radial
electric field and suppression of the turbulence fluctuation level by a strong poloidal rotation in the E × B fields.
As a result, the transport coefficients are strongly reduced at fixed places and transport barriers with steep density
and temperature gradients are formed near the separatrix or the last closed flux surface (ETB) or in the core region
(ITB). The key element in the transition physics is the origin of the strong radial electric field. The issue depends
crucially on the perpendicular conductivity. The impact of the momentum transport is brought to light.
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1 Introduction

Turbulence can be regarded as randomly fluctuating rapid
motion of the fluid. It is an ubiquitous phenomenon in na-
ture and is an effective way of transporting energy quickly
as opposed to neoclassical collisional diffusion which is a
very slow process in comparison. In fusion plasma param-
eter gradients determine turbulence and various transport
modes which is the process through which particles, and
energy in the centre of the plasma are lost to surrounding
walls.

We need to gain insights into the control of plasma tur-
bulence which is the most important factor working against
the efforts towards fusion. There is accumulating evidence
from fusion experiments that regimes with improved con-
finement can achieve higher values of confinement, beta
and bootstrap current than had been thought plausible until
recently. In spite of the extra free energy available from
increased gradients in the improved confinement state, the
E × B velocity shear allows the plasma to organize itself
into a state of lower turbulence and transport.

This new way to improve confinement is bound to
have a major impact on fusion as an energy source for the
future. Transport barrier dynamics is the key scientific con-
cern at present. The interest is enhanced by the fact that a
continuously operated fusion reactor will not be operated
at a steady-state, since for control purposes, it will neces-
sarily require barriers to be created or lowered from time to
time in different portions of a plasma to facilitate a reactor
operation. Transport barriers will have to be controlled for
operation purposes.

Recently, strong arguments addressing the validity
and the experimental evidence in favour of the crucial role
played by the profile of the electric field during LH tran-
sitions has been brought to light. Indeed, it was shown
that the radial electric field is negative in the core region
and positive in the SOL provided no momentum injec-
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tion is employed to accelerate plasma in the toroidal direc-
tion [1,2]. Radial electric field inside the separatrix is close
to the neoclassical electric field profile for a wide set of
plasma profiles provided no external momentum injection
by unbalanced neutral beam is employed [3]. In contrast,
toroidal rotation is governed by the anomalous viscosity,
shear Reynolds stress and zonal flows [4, 5].

In hindsight, the bifurcation models aimed at explain-
ing the LH transitions and invoking current caused by
the ion orbit loss [6, 7] were not confirmed experimen-
tally. There, the current caused by the ion orbit loss is
balanced by the current driven by non-linear neoclassical
parallel viscosity yielding the bifurcation of the poloidal
rotation. Yet, it was demonstrated experimentally [2] that
the LH transition can be obtained also at a high collision-
ality regime where the ion orbit loss impact is negligible.
Moreover, the poloidal rotation, which should be of the or-
der of the poloidal sound speed also contradicts the exper-
iment, where the radial electric field is determined by the
density and temperature gradients. Furthermore, from the
theoretical viewpoint the anomalous (specifically momen-
tum) transport has been neglected. In addition, the ultimate
necessity to reconcile their model put forward to explain
transitions into regimes with improved confinement with
first principles should not be overlooked [8]. To this end, it
has been emphasized that models based only on ion–orbit
loss mechanism do not satisfy this fundamental constraint
due to the inherent inconsistency with the neoclassical the-
ory. The error emerges because the j × B force (caused
either due to ion orbit losses or any other reason) has ob-
viously no parallel component whereas the parallel neo-
classical viscosity cancels exactly in the toroidal direction
according to the neoclassical theory.

Along alternative school of thought, the turbulence
has been put forward as a major player behind the tran-
sition into regimes with improved confinement. The spin-
up of the poloidal rotation has resulted from the poloidal
asymmetry of anomalous transport or the shear Reynolds
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stress [9, 10]. However, the impact of the toroidicity has
been either totally or partially neglected and the neoclas-
sical flows and currents were overlooked. Here, it is iter-
ated that many experimentally observed features may be
assessed employing the synergy of the neoclassical theory
for the electric field profiles with an anomalous momentum
transport mechanism emerging due to zonal flows. The
radial electric field profile is determined by the momen-
tum balance equations including both neoclassical effects
and zonal flows [11]. They have demonstrated that the
radial electric field is close to the neoclassical value for
not too steep density and temperature profiles. However
in contrast to standard neoclassical theory, the toroidal ro-
tation velocity is mainly determined by anomalous trans-
port of the parallel and toroidal momentum via effective
anomalous viscosity. Furthermore, the radial electric field
shows no bifurcation and the origin of the strong electric
field shear is governed by the self-consistent evolution of
plasma profiles and electric fields. The bottom line is the
sensitivity of the solution of transport equations with diffu-
sivities governed by the shear of the electric field to subtle
details of equilibrium density and temperature profiles. In-
deed, they are dependent on both gradients and curvatures
of evolving profiles. Boundary conditions imposed on the
interface of plasmas with discontinuous values of the elec-
tric field play also a crucial role yielding unconventional
solutions. Hence, it is important to bear in mind that trans-
port is not determined by local densities or temperatures,
but globally by subtle details of their profiles thereby mak-
ing diffusive time scales in principle irrelevant. Indeed,
the high sensitivity of a diffusivity (this may be particle,
momentum, energy etc.) to subtle details of equilibrium
profiles arising due to the dependence of fluxes on the first
and second derivatives of equilibrium profiles has been put
to light within the framework of the E × B shear suppres-
sion paradigm [12].To this end, the notion of subthresh-
old transitions (lacking a bifurcation and below the power
limit) has been brought about. Scenarios describing this
kind of transitions occur primarily due to mentioned above
peculiarities of anomalous diffusivities. They have been
coined ”Tunneling Transitions” in analogy with Quantum
Mechanics.

Finally, an insight is offered addressing both Internal
and Edge Transport Barriers (ITB and ETB) from the same
angle. These might have their common origin caused by
the interface of plasmas with different configurations of
confinement thereby providing a large shear of the elec-
tric field. The eloquent example of this idea takes place
at the separatrix where the electric field within the SOL is
governed by a contact with plates. This has to match the
self-generated electric field on closed field lines governed
by plasma flows and magnetic field geometry. Another ex-
ample is confronted within the bulk plasma when chains of
islands located in the vicinity of rational surfaces interface
with the main plasma body yielding the amplification of
the shear of the electric field. Within the SOL plasma the

impact of the shear of the electric field maybe also impor-
tant for the dynamics of blobs. Within the framework of
neoclassical theory, the focus is on a confined region and
this matching procedure may be provided by the impact of
boundary conditions.

2 The Impact of the E × B Shear on
Turbulence

The bottom line of the E × B shear concept consists of
two issues: the impact of the E × B drifts on a residual
turbulence and a more difficult question about a plausible
origin of significant temporal and spatial variations of the
electric field within the plasma volume [13].

Turbulence almost always coexists with large mean
flows. In plasmas flows are self-generated either due to
toroidicity ( neoclassical ) or due to turbulence ( zonal ) or
externally imposed due to any form of physical or virtual
biasing. Turbulence is fed into plasmas via energy cas-
cades due to local or global instabilities. In the L mode
turbulent 3D flows prevail characterized by strong turbu-
lent fluctuations causing small mean shear flows. If this
is the case particle trajectories are chaotic and turbulent
transport is very large. In contrast, in the H mode turbulent
fluctuations are strongly reduced. Strong mean shear flows
emerge and more regular trajectories lead to the reduced
transport of moments.

Energy cascades to larger scales in magnetized plas-
mas is a well-known phenomenon describing a mean flow
at low k numbers due to the spectral condensation. It is
the finite-system-size phenomenon requiring low dissipa-
tion in a bounded system. Mean flow generation provides
the evidence for suppression of turbulence by a mean shear
of the flow. Shearing acts more efficiently on large scales.
Assuming an appearance of the mean flow due to the drift
in the electric field, theory predicts complete stabilisation
of various modes with the increment γmax by the E × B ro-
tational shear rate γE provided

γE > γmax (1)

γE =
RBθ

B
∂(Er/RBθ)

∂r
, γmax− linear growth rate

Therefore, the complete stabilisation is the mode specific
feature providing for the ample suppression of a dominant
turbulence channel (i.e . Ion Temperature Gradient mode
driven turbulence in discharges with the ITB’s). The main
physical effect relies upon an amplified damping due to an
interaction between an unstable mode with a nearby, stable
mode and the resulting from it the increase of the Landau
damping of an unstable mode.

However, a bulk of other modes usually unstable and
detrimental to confinement under conventional tokamak
operation mode such as Trapped Electron and/or Electron
Temperature Gradient modes remain the cause of enhanced
losses.
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In general, the turbulence consists of short-lived ed-
dies, rather than coherent vortices. Therefore, the break-
up of coherent vortices described above has never been ob-
served experimentally.

In reality, the shear leads to the reduction in the eddy
lifetimes according to the following formula. Shearing rate
can be calculated as the function of the poloidal velocity
profile as

γE = L ×
[dΩ

dr
=

1
r

dVθ

dr
− Vθ

r2

]
where L is the scale of a plasma slab.

Indeed, the effective growth rate γc can be shown to
decrease dramatically according to

γc = (∆ωDγ
2
E
)1/3 (2)

where ∆ωD is the nonlinear decorrelation rate in absence
of the E × B shear.

Hence, the imposed rotation by the E × B flow leads
to turbulence reduction. In more detail, mean flows en-
force vortices into the relative motion to the magnetic field
thereby reducing energy input into the turbulence drive.
The mechanism has a potential to benefit confinement pro-
vided an option to affect the electric field profile may be
found.

3 The Origin and Features of the Elec-
tric Field

The difficult issue is how plasma can generate an electric
field profile in order to fulfill stringent requirements for
turbulence suppression imposed on the shear of the elec-
tric field profile. To elucidate the origin of the electric field
in plasma and possible causes for the omnipresence the fol-
lowing equation stringently derived from the neoclassical
theory provides the first insight

Er =
1

Zieni

∂pi

∂r
− Bφvθ + Bθvφ (3)

Here, the beneficial impact of the electric field seems to be
assured if an electric field Er and contributing to it poloidal
and toroidal rotation velocities provide for the stringent
requirement imposed on the shear. Therefore, there are
basically three ”knobs”(diamagnetic drift, poloidal and
toroidal rotations) affecting the radial electric field. In real
conditions, all of them evolve simultaneously both in space
ant in time thereby contributing to the complexity of the is-
sue.

According to standard neoclassical theory (i.e. ignor-
ing regions with steep gradients of plasma parameters) this
is found in toroidal geometry to yield

E(NEO)
r =

Ti

e

[d ln n
dr
+ (1 − k)

d ln Ti

dr

]
+ Bθvφ (4)

where k is the constant dependent on collisionality.

Fig. 1 Tentative dependence of a diffusivity on the shear of the
electric field.

Although Eq.(4) is the subject to stringent constraints
(the absence of unbalanced neutral beam injection and the
lack of regions with steep gradients of the order of the
poloidal gyroradius) it provides many useful insights, in
particular during an initial stage of the transition. Indeed,
employing Eq.(4) the shear of the electric field results to
depend on both gradients and curvatures of density and
temperature profiles.

4 Main Features of the Model

The transport barrier is modeled by diffusion equations
with arbitrary diffusivities taken as functions of the shear
of the electric field dE/dr ∼ α Hence, the system of gov-
erning equations reads

∂n
∂t
− ∂

∂r

[
D(α)

∂n
∂r
− V(α)n

]
= S . (5)

This model equation is assumed to describe any kind
of transport such as the particle and heat transport, the
toroidal and poloidal momentum transport and the turbu-
lence transport. The parameter α is proportional to the
shear of the radial electric field. Tentative plot of diffu-
sivities D(α) as the function of shear α is shown on Fig.1.

At first, in order to gain insights into the physics gov-
erning transport under these assumptions few comments
following from simple analytical considerations are of-
fered. To this end, we wish to make an important point
commenting on the crucial importance of the dependence
of transport on the first order versus the second order
derivatives of plasma profiles. In more detail, the flux ei-
ther emerges to be a function of only gradients and/or cur-
vature of density and temperature profiles. If the former
situation is the case then the plot of the flux Γ = −Ddn/dr
versus the gradient takes the useful form yielding the effect
of the flux bifurcation usually invoked in order to explain
the LH transition (the S - curve ).
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Fig. 2 Simplified picture of transitions ignoring second deriva-
tives of plasma profiles.

Therefore, ignoring the dependence of the shear of
the electric field on the second derivative of a profile the
scenario of the transition is significantly simplified and
emerges either as dwelling on the left or the right branches
of this curve. The straightforward and fast transition oc-
curs then Γ > Γmax. The case of Γ = Γmax describes the
situation when prelude profiles prior to the transition rep-
resent an equilibrium unstable to an arbitrary perturbation.
Therefore, an option of the transition caused entirely due
to the diamagnetic drift (without employing a change in
plasma rotation see Eq.(3) ) emerges. In reality, the flux
is a function of both gradients and/or curvatures of den-
sity and temperature profiles. Employing the first term in
square parenthesis for the self-consistent electric field as
yielded by the neoclassical theory one obtains an impor-
tant estimate for the shear of the electric field

α ∼
∣∣∣∣∣dEr/dr

∣∣∣∣∣ ∼ d2 ln n/dr2 ∼
[
(n′/n)2 + n′′/n

]
(6)

Focussing on the first term the beneficial effect for a
transition of an amplification of the density gradient with-
out changing the local density at the same time is clearly
seen from Eq.(6) because it provides more shear of the
electric field for given values of other parameters. This
may be brought about at the plasma edge by injecting small
pellets tangentially as shown also in recent experiments ad-
dressing H-mode and Internal Transport Barriers carried
out on the DIII-D tokamak and the LHD stellarator, where
H and ITB plasmas have been directly produced by inject-
ing frozen deuterium pellets into the L-mode plasma. The
pellet triggers the transition at lowered edge temperatures
indicating that a critical plasma temperature is not required
for the transport barrier. The pellets are also able to lower
the threshold power required to produce the H-mode transi-
tion indicating an agreement with predictions of the model.

On the other hand, it is obvious that for a given gra-
dient of a density profile, it is easier to trigger a transi-
tion scenario at locations with a lower density i.e. at the
edge of a confined region born out during the LH transi-
tion. Hence, it becomes obvious why LH transitions with
the pedestal located at the edge were the first to be found
among plentiful other regimes with improved confinement.

Fig. 3 Scenarios of two LH transitions. Full curves are transi-
tions triggered by poloidal rotations, broken curves are
transitions triggered by density depletions with poloidal
rotation imposed to zero.

Notwithstanding transparency and clarity of argu-
ments based upon Eqs. (5 and 6), it is important to bear
in mind that within a spatial range of a plasma body char-
acterised by steep gradients (i.e. plasma parameters within
the transport barrier) the neoclassical expression Eq.(4)
cannot be adopted everywhere because assumptions em-
ployed in deriving them are not justified uniformly. There-
fore, the electric field has been found self-consistently
from the poloidal balance coupled with the concurrent evo-
lution of plasma profiles [3]. Note, it can be shown that
Eqs.(5 and 6) unfold when neoclassical terms dominate. In
other words, the neoclassical parallel viscosity is the gov-
erning factor providing for the ambipolarity.

At this point, the issue of causality for transitions into
regimes with improved confinement such as the LH tran-
sition comes to mind. Indeed, the problem is whether the
trigger is due to a change in the rotational V × B term or
the pressure gradient term of main ions. Here, it is impor-
tant to keep in mind that a steep pressure gradient has a po-
tential to provide for large local values of the electric field
by its own virtue according to Eq.(3). However, this effect
can be either counteracted or reinforced depending on a
quantitative impact rendered by both poloidal and toroidal
rotations.

To this end, it has to be kept in mind that due to techni-
cal difficulties, it is almost impossible to answer questions
related to causality experimentally because the resolution
of the majority of diagnostics adopted on many devices is
too slow to address the causal dependence in depth. Fur-
thermore, data reported from JET on the magnitude and
sign of the poloidal rotation contradicts the same data ob-
tained by the DIII-D team. Yet, a scenario of the transition
triggered entirely by the diamagnetic term emerges spon-
taneously provided the given form of prelude profiles is
assumed. Importantly, the explicit dependence of the shear
on the curvature merits a special emphasis because this en-
ables a transition below the threshold Γ < Γmax. This result
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is supported both by analytical and numerical calculations.
In more detail, the scenario of the transition resulting from
solutions of the model Eq.(7) yields a very fast propaga-
tion of the front of improved confinement (see Fig.3) in
comparison with the random walk estimate (straight line
in Fig.3) based upon the conventional diffusive model. The
main reason for this is the decorrelation of fluctuations car-
ried up and down between the moving front of improved
confinement and a separatrix. Therefore, the solution of
the model Eq.(5) obtains convective features significantly
reducing the effective time scale required by the transition.
Hence, experimental studies showing the quench of turbu-
lence on a very rapid time scale of the about 0.1 ms during
the transition find its theoretical explanation.

In general, the transport is scale-free and any effec-
tive time scale does not exist at all under these circum-
stances because of the peculiarity of this kind of diffusiv-
ity. Hence, the important signature of self-organised sys-
tems relying upon intermittence and yielding avalanches is
recovered. Two different scenarios along these lines were

Fig. 4 Propagation of the front of Improved Confinement. Ran-
dom walk width normalized to the width of the Barrier
versus time in ms.

demonstrated before. It has been shown that the direct LH
transition emerges provided the particle influx at the in-
terface between the core and the thermal barrier was kept
constant during the transition above the threshold value. In
contrast when a possibility of the feedback has been taken
into account the second (time dependent nonlinear regime)
arises due to an interaction between inlet and outlet bound-
ary conditions resulting from the feedback of the flux in the
core on the flux into the SOL. The second constraint re-
quired obtaining a monotonic and time dependent solution
is due to the dependence of the core flux on the varying
density at the interface.

In the first scenario, the steepening of the density
evolves gradually from the separatrix up the interface due
to the reduced diffusion, thereby bringing about the bi-
furcation evolving into the thermal barrier. In the sec-
ond scenario, the outflow at the separatrix (∼ Dα signal)

dithers, being linked to the flux at the interface whereas
absolute values of density vary insignificantly. In general,
if the dependence on the second derivative is taken into ac-
count the picture of the transition gets dramatically modi-
fied. Thence, there is a more global relation strongly de-
pendent on the distribution of sources of moments within
the plasma. Furthermore, even for a given distribution of
sources, the relation between fluxes and gradients is not
unique anymore. Hence, additional boundary conditions
are required because the governing system of transport
equations obtains the form of the higher order. Therefore,
the peripheral plasma plays the crucial role in controlling
the global confinement and affecting plasma profiles and
local transport diffusivities. Moreover, properties of the
plasma within the SOL must be within the restricted range
if a stationary solution of transport equations is to be found
at all.

Indeed, it has been shown before that a steady state so-
lution does not emerge outside the narrow range of bound-
ary conditions imposed on the density gradient at the sepa-
ratrix. The only solution found for mixed Dirichlet bound-
ary conditions describes autonomous oscillations imply-
ing dithering between the Low and the High Confine-
ment. This regime has been also demonstrated on many
devices. Time dependent solutions appear to be a subtle
phenomenon arising due to peculiar features of the model
equation and the choice of boundary conditions. Another
important application along these lines arises consider-
ing the interface of chain of islands located at rational
q surfaces with the rest of the plasma core. Therefore,
the ITB may stem from the necessity to force a uniform
electric field generated within a chain of magnetic islands
(dwelling on rational q – surfaces) to match the neoclas-
sical electric field primarily governed by temperature and
density profiles. The electric field within the chain of mag-
netic islands is a constant due to fast mixing, while the
neoclassical values are employed within the main plasma
body. Therefore, steep gradients of the electric fields re-
sult from the matching because of the helical structure of
neighboring magnetic surfaces. Indeed, the close proxim-
ity occurs at the location of O points poloidally whereas
the maximum is at X points. Thus, the shear of the elec-
tric field is significantly amplified locally thereby trigger-
ing the front of the improved confinement to propagate in-
wards. Thus, the shear of the electric field emerges at these
locations naturally and self-consistently. This conclusion
appears to be generally valid and is not pertinent to any
specific magnetic configuration.

5 The Link between the MHD activity
and the Improved Confinement

It is specially interesting to apply this idea at the edge
of the plasma, where rational surfaces are crowded and
occasionally overlapping due to the MHD activity. In-
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deed, during rise of the MHD activity the change of the
edge radial electric field from negative (directed inward)
to positive (directed outward) values has been observed in
the Ohmic discharges on TUMAN-3M tokamak [14].Mea-
surements were performed by means of Doppler reflectom-
etry method and by using probe technique. According to
the heavy ion beam probe (HIBP) diagnostics the potential
in the central region of TUMAN-3M also changed sign and
became positive during MHD events while normally it is
negative. There are experimental evidences that MHD ac-
tivity is associated with the rise of magnetic island at q =3
flux surface in the core few centimeters inside from the last
close flux surface (LCFS). Also the rise of smaller islands
at q=4 and q =2 surfaces is reported. Indeed, the over-
lapping of neighboring magnetic surfaces results in forma-
tion of a stochastic layer in the LCFS vicinity provided the
width of the island is of the same order as the minimum
distance between rational q-surfaces.

Along these lines, the model for the origin of the posi-
tive radial electric field during the rise of the MHD activity
has been developed [15]. It is based on the emergence of a
strong electron radial flux resulting from the formation of
an ergodic layer. The radial electron flux requires the same
radial flux of ions to provide quasineutrality. Hence, the
emerging positive radial ion current provides the torque in
the toroidal direction forcing the radial electric field to be-
come more positive ( see Eq.3 ). This situation is similar to
the biasing experiments and corresponding theory has been
already developed [11]. In the extreme case, when the elec-
tron conductivity associated with the stochastic layer dom-
inates over the neoclassical ion cross-field conductivity, the
radial electric field becomes positive inside the stochas-
tic layer. In more detail, the radial ion current generates
toroidal rotation in the co-current direction by the toroidal
j × B torque, so the ergodic layer becomes the source of
the toroidal momentum of the same kind as the NBI injec-
tion. The co-current toroidal rotation has to be transported
outside the ergodic layer to the core by the anomalous
cross-field viscosity thus creating the co-current toroidal
rotation in the center of a tokamak even without external
sources of momentum injection. The co-current toroidal
rotation makes the radial electric field more positive also
outside the ergodic layer and for sufficiently fast toroidal
rotation the radial electric field becomes positive also in
the central regions in accordance with the neoclassical the-
ory.

In the tokamak physics there are several other areas,
where the return ion current and associated plasma toroidal
acceleration plays a crucial role. The external current of
fast ions generated during NBI should be compensated by
return radial current of the main ions. The external ion cur-
rent can be also associated with the ICRH heating causing
the loss of fast ions. Externally imposed toroidal magnetic
field ripples or islands used for the divertor operation may
be the source of the externally generated radial currents.
Resonant Magnetic Perturbations normally not resulting in

the stochastization of the magnetic field and corresponding
loss of electrons can be successfully used for the mitigation
of ELM’s crucial for the ITER performance [16].

6 Transport within the Scrape-Off
Layer

Recently, transport of edge plasmas in magnetic confine-
ment fusion devices has been recognized to be mostly con-
vective and intermittent. There is an ample experimental
evidence of large amplitude turbulence interacting with po-
larization drifts. Highly inhomogeneous filaments easily
penetrating across magnetic fields were coined ”blobs”. As
a theoretical explanation, blobs which are long-living co-
herent structures have been invoked. Blobs are a transver-
sal phenomena appearing in different toroidal magnetic de-
vices, both tokamaks and stellarators. This phenomenon is
strongly adverse to the divertor operation of fusion devices.
It demonstrates the ubiquitous nature of transport phenom-
ena at the periphery. A blob has the potential of signif-
icantly redistributing heat loads on the surrounding struc-
tures of a fusion reactor. It might also intervene with the di-
vertor performance thereby affecting the ignition scenario
on ITER. The role blobs play in the global edge plasma
transport was highlighted by the experimental data from
Alcator C-Mod showing that a large fraction of the plasma
particle flux coming from the core into the SOL was in-
deed transported radially by blobs to the chamber walls and
not toroidally to the divertor, as generally expected. The
properties of turbulence-induced structures, namely radial
velocities and radial scale lengths of blobs, together with
the statistics of fluctuations of the plasma density and the
particle radial drift flux were studied in the peripheral re-
gion of the High Field Side of the FT-2 tokamak. Also, the
edge plasma poloidal velocity is measured through cross-
correlation of floating potential signals. The experimen-
tal results were compared with existing theoretical models
and other reported results [17]. A first model for individ-
ual blob dynamics considers isolated blobs to be the fun-
damental entity for convective transport in the SOL. It is
assumed that due to an unknown non-linear processes, a
filament with large plasma density is peeled off the bulk
plasma, in some region close to the last closed flux sur-
face (LCFS) and on the Low Field Side of a fusion device.
Effective gravity drifts on this side of the torus (due to a
curvature and a gradient of magnetic fields ) caused by an
F × B particle drift, will then result in a vertical charge
polarization. The associated electric field generated will
in turn gives rise to a radial E × B convection of the blob
against the chamber wall. The resulting convection speed
will depend on the magnitude of the electric field which in
turn will be determined from the balance of perpendicular
and parallel currents inside these structures. An equivalent
circuit and possible current pathways elucidating the phys-
ical picture can be invoked and alternative closures for such

I-08

42



Proceedings of ITC18, 2008

circuit can be envisaged, ranging from the current flowing
through the electrode sheath on the divertor plates limited
by the saturation to the cross-field ion polarization currents
flowing through ambient SOL plasmas. Theoretical scal-
ings of an isolated blob treated as a 2D structure, in order
to compare blob properties and dynamics were compared
with results obtained experimentally.

When the blob is assumed to be in the far SOL and
parallel current is small and governed by the sheath “re-
sistivity”, we have a sheath-connected blob and arrive to a
solution with the form of an isolated blob of plasma den-
sity traveling in radial direction with an estimated speed Vb

given by:

Vb = 2cs

(
ρs

δb

)2 L‖
R

(7)

Where cs is the sound speed, ρs is the ion gyro-radius, δb is
the poloidal scale length of the blob, L‖ is the blob parallel
length, and R the major radius. Alternative current clo-
sures besides the one already mentioned for the so-called
sheath-connected (C) regime, are related to linear edge in-
stabilities being the resistive ballooning (RB) or the ideal
strong ballooning (IB) dependent on specific experimental
conditions. In RB mode the current loops close locally in
the mid-plane region of a fusion device. The scaling for
the radial blob velocity in both RB and IB modes is given
by the same analytical expression on Eq.(8).

Vb = cs
√
δb/
√

R (8)

Note that Eq.(7) stands for the C model and that both scal-
ings are for isolated blobs propagating on vacuum, i.e. the
influence of the background plasma is not taken into ac-
count. The effect of the background plasma can be seen
on the decrease of the order of magnitude of the predicted
acceleration of the filaments by a factor of 2-3. An expres-
sion to estimate the blob drift velocity similar to the one
presented before for the C model:

Vb =
T plasma

e

eBδb
(9)

This estimate employs the condition that the short-
circuited parallel current density and the ion saturation cur-
rent passing through the sheath are of the same order. It
is assumed that in the H- mode regime with ELM’s this
condition might be satisfied. The comparison with experi-
mental results is presented in [17]. The experimental data
available for both HFS and LFS in tokamaks and stellara-
tors concerning the blob characterization has also been re-
viewed, and the lack of a reasonable amount of results for
the HFS has been emphasized.

Blob velocities and sizes were obtained by analysis
of the time-resolved signals of radial flux and density. It
was observed a predominant direction on the movement of
the blobs towards the wall, especially in periods of time
of the discharge prior to the LH transition. The order of

magnitude of the experimental values for sizes and ve-
locities of blobs was found comparable with the theoret-
ical estimates. However, the experimental dependence be-
tween these two parameters, size and velocity, was only
and roughly in agreement with one theoretical prediction,
given for the so-called Ballooning modes given by Eq.(8).
One should bear in mind though that the models invoked
are for the LFS. Nevertheless, according to simple reason-
ing the potential should be constant along magnetic field
lines and hence HFS blobs should also move outwards as
predicted by the LFS models. We see both inwards and
outwards directions of blob movements, which is a ques-
tion left for theoretical understanding. It is important to
emphasize that blobs moving inwards may provide an im-
portant source of fuelling the core in the super dense mode
discovered recently on LHD. We have also suggested the
introduction of an additional coefficient to better fit the ex-
perimental values with the equation deduced for the bal-
looning modes.

The characterization of blobs is a task not yet com-
plete. 3 Dimensional models based on PIC simulations
may provide important information on the self-consistent
evolution of ion density and electric field profiles. There
is a need to improve the world’s database on these struc-
tures in order to better understand this phenomena and the
convective radial transport caused by turbulence in synergy
with the convection.

7 Conclusions

The model invoking the paradigm of shear suppression ad-
dresses many effects observed experimentally. Indeed, it
yields novel insights and conclusions consistent with mea-
surements. For example, it points us toward the insight that
both zonal and neoclassical flows are crucial for improve-
ments in confinement. In general, it has to be kept in mind
that the phenomena of transport barriers are very robust
and sensitive only to prelude profiles. The most important
practical conclusion from ideas and insights offered above
that issues of perpendicular conductivity and electric fields
are crucial for progress of the fusion research.
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