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ABSTRACT

This work describes a set of experimental studies whose connecting
thread is the investigation of the interplay between plasma flows, electric fields and modes (either quasi-coherent or as an incoherent continuum turbulent spectrum) in magnetically confined plasmas.
This report is divided in three Parts. Part I comprises the introductory material. The first chapter is an overview of nuclear fusion by
magnetic confinement problematics from a physical perspetive. The
second chapter focuses on the physics involved in the self-regulation
of plasma flows, electric fields and turbulence that is today an active
area of research. The third and fourth chapters complete this introduction by presenting the experimental techniques (diagnostics and data
analysis) used for the investigations presented in Part II.
The first of these experimental works is presented in Chapter 5
describing ultra-high speed image recording of the plasma edge turbulence in the TJ-II stellarator and NSTX tokamak. Two-dimensional
Continuous Wavelet Analysis is used to extract the turbulence structure in different confinement regimes (including different radial electric field and rotation profiles). As a continuation of the applications
of fast imaging to fusion plasma studies Chapter 6 presents the first
visualization of macroinstabilities –Edge Localized Modes (ELMs) and
disruptions– in the Joint European Tokamak (JET). In Chapter 7 electrical probes are used to measure different flow components and to
compute the parallel Reynolds stress as well as their modifications under externally imposed radial electric fields. To conclude, Chapter 8
reports on the observation of electron internal transport barriers (eITB)
associated with rational surfaces and their competition with quasicoherent modes.
Part III is a summary of the results and conclusions.
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Listen, Kelvin, perhaps it wishes well . . . perhaps it wants to
please us but doesn’t quite know how to set about the job. It
spies out desires in our brains, and only two per cent of mental
processes are conscious. That means it knows us better than we
know ourselves.
We’ve got to reach an understanding with it.
Stalisnaw Lem, Solaris, 1961
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Part I
INTRODUCTION

1

FUSION BASICS

Nuclear Fusion aims at the production of energy from nuclear reactions between light nucleus –typically hydrogen isotopes– that fuse
together to yield a heavier nucleus and an energetic nucleon. Today
there are four reactions considered for Fusion energy. These are

→
D+D →
D+D →
D + He3 →
D+T

He4 (3.52MeV) + n(14.06MeV)

(1.1)

T(1.01MeV) + p(3.03MeV)

(1.2)

3

(1.3)

4

(1.4)

He (0.82MeV) + n(2.45MeV)
He (3.67MeV) + p(14.67MeV)

For these reactions to occur at a sufficient rate reactants need to be
found with sufficient density, their kinetic energy or thermal velocity
needs to be high enough (the cross-section of the above reactions is
only significant for Ti ≥ 10keV) and they need to be kept close together
for long enough. These requirements are summarised in what it is
known as Lawson criterion
nTτE ≥ 1021 keV s/m3 .
The Toroidal Magnetic Confinement approach to plasma confinement is that of embedding the plasma in an intense toroidal magnetic
field. This greatly inhibits the transport in the perpendicular direction while letting particles move freely along the field. Therefore, field
lines must close upon themselves –possibly after an infinite number
of turns– forming a set of nested toroidal magnetic surfaces. Figure 1
shows one field line integrated along many turns in the magnetic field
of the TJ-II stellarator device in Madrid [1]. This magnetic topology
insulates the hot, dense plasma centre from the wall material surfaces.
The pressure gradient (p = nT) is counterbalanced by the Lorentz
force, i.e, to first order

−∇ p + j × B = 0 ,

(1.5)

where j is the electric current present in the plasma and B is the magnetic field. If this local equilibrium is broken the plasma dynamics can
become unstable causing loss of the confinement. It is therefore a design requirement for magnetic fusion devices to be able to maintain a
stable equilibrium of this form.
Provided a stable plasma equilibrium exists, the next problem one
faces is to control the radial transport of particles and energy. The
radial transport observed in magnetic plasma confinement devices is
generally substantially greater than the Neoclassical estimations of collisional transport. This discrepancy is attributed to the fact that the
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Figure 1: Field line on the Last Closed Flux Surface (LCFS) (blue) and central
coil (red) of the TJ-II stellarator device [1]

plasma is in a turbulent state. Fluctuations in the thermodynamical
fields can couple together to enhance transport levels, e.g. for the turbulent particle flux one has
Γ = hñṽr i .
where tilde (˜·) stand for the field’s fluctuating part and angular brackets (h·i) are averages over many temporal or spatial characteristic
scales of the turbulence. Regimes with reduced turbulent transport
levels are robustly related to sheared E × B flows that are believed
to decorrelate turbulence fluctuations and hence create a region of reduced diffusivity or transport barrier.
This Thesis focuses on the interaction between turbulence and plasma
flows from an experimental perspective. This interaction is a rich and
complex one and is essential for the understanding of the turbulence
self-regulation mechanisms and, ultimately, for the control of particle,
energy and momentum transport in fusion plasmas.

2

PLASMA-FLUID FLOWS IN MAGNETIC
CONFINEMENT FUSION DEVICES

2.1

why plasma flows?

As discussed earlier, edge gradients in the plasma thermodynamical
variables (pressure, temperature, density) are intrinsic to the very concept of magnetic confinement. The strong magnetic field inhibiting perpendicular transport is meant to insulate the hot, dense plasma core
from the solid surfaces in the walls of the device. The presence of
steep gradients, however, gives birth to the formation and growth of
a full variety of plasma instabilities or modes the interaction of which
evolves into a turbulent state with a continuous frequency spectra. Turbulence enhances the radial transport by several orders of magnitude
with respect to the collisional transport and thus poses a serious limit
to magnetic fusion performance.
The discovery of an enhanced confinement regime known as Hmode (’H’ for High-confinement) in the ASDEX tokamak [88] with
reduced edge turbulence levels and increased confinement time was
one of the major breakthroughs in fusion research. Today it is widely
accepted that transport barriers (observed in this and many other experiments as a local steepening of gradients and a consequent increase
in the plasma energy content) are related to a radially sheared E × B
velocity profile. The formation of the sheared radial electric field is
nonetheless still under discussion in the fusion community.
Computer simulations have shown that plasma turbulence can saturate in a state of ordered flow pattern or zonal flow which quenches
turbulence by the combined effect of shear decorrelation [10] and energy transfer from turbulence micro scales to large scale flows [65].
In the remainder of this chapter we summarise some of the concepts and formalism used when studying mass flows in a magnetized
plasma and its basic interaction with turbulence. This presentation is
not meant to be complete but only to provide some basis and rationale
for the results presented in Part II. The reader is encouraged to consult
text books [42], review articles [84, 65] and the references included in
this discussion for further information.
2.2

single particle motion

As a starting point let us examine the motion of a particle with electric
charge Ze and mass m in an electromagnetic field
B = ∇ × A,

E = −∇Φ − ∂A/∂t .

(2.1)
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The Lagrangian of the system is given by
L(r, ṙ, t) =

m|ṙ|2
+ Ze(A(r, t) · ṙ − Φ(r, t)) ,
2

and the equations of motion
 
d ∂L
∂L
=
dt ∂ṙ
∂r

(2.2)

(2.3)

yield the expected result of the total force being equal to electric plus
Lorentz forces
mr̈ = Ze(E + ṙ × B) .

(2.4)

From (2.4) it is easy to see that, in an uniform, constant magnetic
field, charged particles spin around field lines while moving freely
along it. The radius of the gyration is the Larmor radius ρ = v⊥ /Ω
and Ω = ZeB/m is the gyrofrequency. Similarly, it can be seen that the
guiding center position is given by
R = r−

b×v
.
Ω

(2.5)

The time derivative of R has then a parallel component only Ṙ = bvk ,
which can be taken as a definition of guiding center. In the more general
case of a time and spatial varying B-field the guiding center defined
as (2.5) is no longer bound to a field line and drifts away form it. If
the spatial and time variations of the B-field are small compared to
the gyration characteristics, i.e. ρ and Ω, we expect the guiding center
drift to be much slower than the particle gyration.
This scale separation suggest that the equations of motion for times
much greater than Ω−1 may be derived form a Lagrangian L̄ averaged
over the gyration coordinate (like, say, a gyroangle θ). It can be shown
(see [42], §6.3) that such an averaged Lagrangian can be constructed
and is given by
L̄(R, Ṙ, t) =

m(b · Ṙ)2
+ Ze(A · Ṙ − Φ) − µB ,
2

(2.6)

which resembles the original Lagrangian 2.2 but for the addition of a
magnetic dipole energy −µB. The constant µ is the magnetic moment
µ=

mv2⊥
,
2B

(2.7)

and is known as the first adiabatic invariant. Its conservation along the
particle orbit follows from the conservation of the conjugated momentum of the gyration coordinate: the θ-averaged Lagrangian L̄ does not
depend on the gyration coordinate θ and therefore
d ∂ L̄
∂ L̄
=
=0.
dt ∂θ̇
∂θ

2.3 kinetic and fluid equations

The Euler-Lagrange equations for the Lagrangian 2.6 give
mv̇k b = Ze(E + Ṙ × B) − µ∇ B − mv2k κ ,

(2.8)

with κ = (b · ∇)b being the magnetic field curvature.
In computing b·(2.8) and b×(2.8) one gets the equations for parallel
and perpendicular motion respectively
mv̇k = ZeEk − µ∇k B ,
v⊥ =

(2.9)

v2k
v2⊥
E×B
+
b
×
∇
log
B
+
b×κ .
2Ω
Ω
B2

(2.10)

The parallel force (2.9) is the sum of the electric and mirror force (so
called because it reflects particles trying to enter regions of strong magnetic field). The perpendicular drifts in (2.10) are, respectively, the electric or E × B, grad-B and curvature drift.
2.3

kinetic and fluid equations

In the above section we derived equations for the motion of individual
particles in an inhomogeneous, curved magnetic field. A description of
the plasma as a many interacting particle system requires a statistical
approach similar to that used for neutral gases. A distribution function
f a (x, v, t) is introduced which represents the density of a-particles in
a position with a given velocity. The dynamical equation for f a is the
kinetic or Fokker-Planck equation
∂ fa
ea
∂ fa
+ v · ∇ fa +
= Ca ( f a ) ,
(E + v × B) ·
∂t
ma
∂v

(2.11)

with all the variables
their usual meaning 1 . By taking moments
R n having
3
of this equation v (·)d v, dynamical equations for the thermodynamical fields are recovered. The zero and first order moments yield the
mass and momentum density conservation equations
∂n
+ ∇ · (nu) = 0
(2.12)
∂t
∂mnu
+ ∇ · (mnuu) + ∇ p + ∇ · π = ne(E + u × B) + R , (2.13)
∂t
where
n=

Z

f d3 v

is the particle density and, defining h·i f =
u = hvi f ,

(2.14)
1
n

R

(·) f d3 v,
(2.15)

is the fluid velocity,
p=

1
Trhmn(vi − ui )(v j − u j )i f = nT
3

1 see for instance [42] for a more detailed derivation

(2.16)

7

8

plasma-fluid flows in magnetic confinement fusion devices

is the scalar pressure and
π = hmn(vi − ui )(v j − u j )i f − pδij

(2.17)

is the viscosity tensor. Note that the first two terms in (2.13) can be
rewritten in the form
du
∂n
∂mnu
+ ∇ · (mnuu) = mn
+ mu( + ∇ · (nu)) ,
∂t
dt
∂t

(2.18)

d
= ∂t∂ + (u · ∇) is the convective derivative. The last term
where dt
in (2.18) vanishes according to (2.12). However, if an external particle
R source 3s(x,v,t) is included in (2.11) then a source term S(x, t) =
s(x, v, t)d v appears in the RHS of (2.12) and there are additional
particle-source-related momentum sources

mn

du
+ ∇p + ∇ · π =
dt
ne(E + u × B) + R − muS + m

Z

vs(x, v, t)d3 v .

(2.19)

The last term accounts for the momentum exerted by a directional
particle source like in Neutral Beam heated plasmas. In the boundary
of fusion plasmas (where the measurements presented in this thesis
were conducted) this is expected to be small considering the small
edge NBI absorption and that both the puffed and recycled gases are
approximately isotropic sources, i.e., they only depend on the velocity modulus v. In wave heated plasmas, particle sources and sinks are
located mostly near the plasma boundary where the main ions undergo atomic processes (ionization, recombination, charge exchange,
etc.). Consequently the term −muS, coming from the mass variation
of the fluid element 2 , is important when studying edge momentum
transport.
2.3.1

Perpendicular flow and radial force balance

Equation 2.13 contains many terms or forces which must balance in
the stationary state. These forces can have very different magnitudes
in different regimes and thus ordering schemes are applied in order
to highlight the most important terms. A customary ordering scheme
for strongly magnetized plasmas is based on the smallness of the quotient of the gyroradius ρ over the typical profile variation scale L, the
so-called magnetization parameter δ = ρi /L⊥ . This singles out the
pressure and electric+Lorentz forces as the most important for radial
force balance (see, for instance, [28]). The first order perpendicular velocity of a charge species is then given by the sum of the E × B plus
diamagnetic velocities
v⊥ =

E × B ∇p × B
+
.
B2
nqB2

2 this is analogous to the mass variation in F =

(2.20)
d(mv)
dt

= ma + v dm
dt .

2.3 kinetic and fluid equations

The E × B part of equation (2.20) was present in the particle velocity
equation (2.10). The diamagnetic velocity is new and a genuinely collective mechanism. The grad-B and curvature effects present in (2.10)
are represented in fluid equation terms in higher order approximations.
The beneficial effects of a sheared velocity profile in reducing turbulent transport are related to the E × B part of this velocity, since the
diamagnetic part does not advect density, flow or thermal energy. This
is known as the diamagnetic cancellation. As an illustration consider
the density conservation equation with a velocity given by (2.20)
∂n
∂n
+ ∇ · n(uE + udia ) =
+ (uE + udia ) · ∇n + n∇ · (uE + udia ) = 0 .
∂t
∂t
Now, the divergence of the diamagnetic velocity is

 

1
1
∇p × B
=
n
∇
· B −2 ∇ p × B + ∇ · ( B −2 ∇ p × B )
n∇ ·
nq
q
nqB2
1
= −udia · ∇n + ∇ · ( B−2 ∇ p × B) ,
q
and thus, the density advection by the diamagnetic velocity cancels out.
From (2.20) one can obtain an expression for the equilibrium radial
electric field that shows its ‘sources’
Er
1 dp
=−
+ v⊥
B
nqB dr
1
1 dp
+ (v ϕ Bθ − vθ B ϕ ) .
=−
nqB dr
B

(2.21)

This equation is known as the radial force balance equation and is used
in experiments to determine the radial electric profile.
2.3.2

Parallel flows

At this point it is worthwhile to summarise the derivation of the PhirschSchlüter flow. This is a parallel mass flow compensating for the nonzero divergence of the perpendicular flows, i.e., ∇ · (u⊥ + ukPS b) = 0,
assuming, to first order, that flows are contained within flux surfaces
and that density is a flux function and thus u · ∇n = 0. Under these
assumptions and using (2.20) one can see that ∇ · u⊥ ≈ −2u⊥ · ∇ B/B.
Thus mass conservation imposes

∇ · (u⊥ + ukPS b) = −2u⊥ ∇⊥ ln B + ∇k ukPS + ukPS ∇k ln B = 0 . (2.22)
In the boundary of a tokamak, where the parallel and toroidal (symmetric) direction are approximately the same, one can neglect the parallel ripple and use the usual magnetic field strength dependence B =
B0 R0 /R to get

∇k ukPS ≈ (qR)−1 ∂θ ukPS = −2u⊥ R−1 sin θ ⇒ ukPS = 2q cos θu⊥ . (2.23)
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A recent publication [68] shows a good agreement with this estimation, whereas others [24] report on parallel flows in disagreement with
the form (2.23).
We note that the fully three-dimensional geometry of a stellarator
does not allow the simplifications used for the derivation of (2.23). Figure 2 shows the parallel parallel ripple (b̂ · ∇ B/B) and geodesic curvature3 (θ̂)for the last closed flux surface of the TJ-II stellarator. Also,
although ∇ · u = 0 is a necessary condition for first order stationary
flows, it does not uniquely determine the parallel flow from a given
perpendicular flow. In particular, the addition of a parallel component
of the form v(ψ)B , where ψ labels magnetic surfaces, leaves the divergence of the flow unaltered.
An equilibrium equation for the parallel flow of a-particles is obtained form the flux-surface-averaged parallel momentum equation
B·(2.13) (see, e.g. [47, 75]

h B( Rka + n a ea Ek )i = hB · ∇ · π a i .
The sum over all particle species of the LHS cancels because of momentum conservation and quasi neutrality and therefore in an ion-electron
plasma
0=

∑ hB · ∇ · π a i ≈ hB · ∇ · π i i ,
i,e

where the large mass difference (mi /me  1) has been used to obtain
the approximation.
A generic form for the viscosity tensor can be obtained for a strongly
magnetized plasma
π = ( pk − p⊥ )(bb − 31 I) .

(2.24)

With this form of the viscosity tensor, it can be shown (see, e.g., [89])
that

hB · ∇ · π i ≈ −h( pk − p⊥ )b · ∇ Bi ,

(2.25)

where again the importance of the magnetic ripple in tailoring parallel flows becomes evident. Expressions for the pressure anisotropy
have been obtained under different collisionality regimes both for axisymmetric or tokamak [47] and non-axisymmetric or stellarator [75]
geometries.
For the studies on edge measurements presented in this Thesis the
Pfirsch-Schlüter or collisional regime is the relevant one. It should also
be noticed that edge dynamics can have additional complexity because
of finite Larmor radius and orbit loss effects.
3 Note that, from the vector identity

∇B
b̂ · ∇ B
∇×B
= b̂
+ (b̂ · ∇)b̂ + b̂ ×
B
B
B
one can write
∇B
∇⊥ ln B = θ̂ ·
= θ̂ · (b̂ · ∇)b̂ = κ g
B
in equilibrium (i.e. j · ∇ψ = 0).

2.3 kinetic and fluid equations

Figure 2: Parallel ripple and geodesic curvature on the LCFS of the TJ-II stellarator
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2.4
2.4.1

turbulence and flows
The neutral fluid case: Reynolds stress and Production term

In this section we illustrate the role of turbulence in determining the
mean flows from a general perspective. For simplicity we use the neutral fluid equation for an incompressible fluid (i.e. the Navier-Stokes
equation)
∂t ui + u j ∂ j ui = −ρ−1 ∂i p + ν∂2 ui

(2.26)

for an incompressible fluid (∂i ui = 0). It should be noticed that the
turbulent behaviour of (2.13) arises from the self velocity advection
term (u · ∇)u, also present in (2.26), and therefore the detailed form of
the forcing terms is not essential for what we present here.
In this section we regard the angular brackets (hi) as a general averaging operator (either spatial, temporal or ensemble average). Then
we can decompose any field φ as
φ = hφi + φ̃

(2.27)

One is normally interested in the evolution and stationary value of
mean flows rather than in the fluctuating, fully resolved flows. Averaging (2.26) yields
∂t Ui + hu j ∂ j ui i = −∂i P + ν∂2 Ui

(2.28)

where upper case means ensemble averaged quantities. We have also
adopted the normalization ρ−1 p → p. The second term in the LHS of
the equation above yields

hu j ∂ j ui i = Uj ∂ j Ui + hũ j ∂ j ũi i
= Uj ∂ j Ui + ∂ j hũ j ũi i

(2.29)
(2.30)

From now on we drop the tildes in the fluctuating quantities: lower
case represent the fluctuating fields unless otherwise stated. With this
notation we write the evolution of the mean flow as

(∂t + Uj ∂ j )Ui = −∂i P + ν∂2 Ui − ∂ j Rij

(2.31)

.
where we have adopted the notation Rij = hui u j i for the Reynolds
stress. Rij is the turbulence-averaged flux of i-momentum in the jdirection. Note that this is the only term through which turbulence
participates in the mean flow evolution and equilibrium4 . If turbulent
velocity fluctuation are totally uncorrelated or, equivalently, if there is
4 In deriving (2.31) we have, for simplicity, neglected the density fluctuations ρ̃. If these
are considered there appears an additional i-momentum flux of the form hρ̃u j iUi ,
which is due to particles carrying their ambient velocity when transported by the
turbulence. This term suggest that the momentum pinch observed in tokamak transport studies can be related to the well known (although not fully understood either)
particle pinch.

2.4 turbulence and flows

no preferred direction, then the RS simply accounts for a turbulent
pressure.
Multiplying (2.31) by Uk and contracting the indices i and k, one
obtains the evolution equation for the mean kinetic energy E = 21 U 2

(∂t + Uj ∂ j ) E = −Ui ∂i P + νUi ∂2 Ui − Ui ∂ j Rij

(2.32)

The last term in (2.32) is the work done by the turbulent forces and
couples the fluctuating and mean components of the flow. For this
coupling to be nonzero the Reynolds stress must have a spatial variation, i.e., there must exit an inhomogeneity in the turbulence anisotropy. For
the sake of physical interpretation, this term is usually split into two
terms
Ui ∂ j Rij = ∂ j (Ui Rij ) − Rij ∂ j Ui ,

(2.33)

the last term being know as the production term Π which is interpreted as an energy transfer between the turbulence and the mean
flow. Introducing this into (2.32) and using
Ui ∂i P
2

νUi ∂ Ui

= ∂i (Ui P) ,
= νUi ∂ j ∂ j Ui = ν∂ j (Ui ∂ j Ui ) − ν∂ j Ui ∂ j Ui ,

(2.34)
(2.35)

yields

(∂t + Ui ∂i ) E + ∂i ΓiE = −Π + e E

(2.36)

where the mean energy flux Γi and viscous dissipation e are given by
the expressions
ΓiE
e

E

= Ui P − ν∂i E + Uj Rij
= ν|∂U |

2

(2.37)
(2.38)

The interpretation of the first two terms in the flux expression is
easy. They are the advection of ‘internal’ energy by the mean flow
and the viscous diffusion of the mean kinetic energy respectively. It is
harder to get a intuitive picture of the last term, which arose from the
substitution (2.33). It should also be noted that the advective part of
the material derivative in (2.36) can be thought of as a convective flux
of mean kinetic energy
∂t E + ∂i (ΓiE + Ui E) = −Π + e

(2.39)

Now, if the Reynold stress turns out to be homogeneous, it can be
taken out of the divergence from the flux term Ui Rij in (2.37) and thus
equals the production term in the RHS of (2.36).
Turbulent kinetic energy evolution equation
In order to obtain an evolution equation similar to (2.36) for the turbulent kinetic energy k = 21 hu2 i one can multiply (2.26) by ui (meaning
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ũi ) and average the resulting equation. Those terms linear in the fluctuating functions are averaged out so that one ends up with
∂t

h u2 i
+ hui (Uj + u j )∂ j (Ui + ui )i = −hui ∂i pi + νhui ∂2 ui i (2.40)
2

Expanding the second term in the LHS produces

hui Uj ∂ j ui i + hui u j ∂ j Ui i + hui u j ∂ j ui i

(2.41)

which, after a few modifications can be written as

h(Uj + u j )∂ j

u2
i−Π
2

(2.42)

The pressure and viscous terms are manipulated in exactly the same
way as in (2.34) and (2.35) and the evolution equation for the turbulent
kinetic energy can be written in the form of (2.36)

(∂t + Ui ∂i )k + ∂i Γik = Π + ek

(2.43)

with
Γik



u2
= hui pi − ν∂i k + ui
2

(2.44)

ek

= ν|∂u|2

(2.45)

The second term of the turbulent kinetic energy flux is due to viscous
diffusion, whereas the first and third terms are the turbulent advection
of pressure and turbulent kinetic energy.
Physical interpretation of the production term Π
Eventually, it is the ‘natural’ appearance of the production term Π in
(2.43) which motivates the substitution (2.33) in the mean flow kinetic
energy equation and its interpretation as the transfer of kinetic energy
between the mean flow and the fluctuations. This term can be interpreted as the gradient in the mean flow being a source of instabilities
that feeds on turbulence in the system, e.g. a Kelvin-Helmholtz like
instability. However, as we saw the existence of a nonzero production
term Π is not a direct indication of a local variation in the mean kinetic
energy.
An alternative measure of the energy transfer from the turbulent
velocity field to the mean flow or generation of anomalous mean flow
is given by
T = −Ui ∂ j Rij ,

(2.46)

which is easily interpreted as the work done by the turbulent forces.
Let us come back for a moment to equation (2.31) and rewrite it as

(∂t + Uj ∂ j )Ui = −∂i P − ∂ j ( Rij − 2νWij ) ,

2.4 turbulence and flows

where Wij = 21 (∂ j Ui + ∂ j Ui ) is the rate of strain tensor. From this it
is tempting to write the turbulent momentum flux as an equivalent
diffusive flux
Rij = −2νturb Wij ,

(2.47)

in order to complement the bare molecular viscosity with the integrated effects of turbulence encapsulated in the anomalous momentum diffusivity νturb . Multiplying (2.47) by Rij one gets
νturb Π = k Rk2 ≥ 0 .
This equation provides a simple interpretation of the sign of Π: if it
is positive then νturb is positive as well and adds up to the molecular
viscosity ν. If it is negative, then νturb must also be negative, meaning
that the turbulent momentum flux pumps momentum from regions in
which it is low to regions in which it is high, thus effectively sustaining
a mean momentum density gradient rather than opposing it as one
would intuitively expect. This behaviour is sometimes referred to as
negative viscosity. Note that even if (2.47) is not a correct closure, the
i-component of production term Πi = − Rij ∂ j Ui can be simply understood as a projection of the turbulent flux of i-momentum Rij over the
diffusive flux ∝ Wij for the sake of comparison [36].
2.4.2

Mean flow generation by turbulence in strongly magnetized plasmas

In the above equations we have introduced the general concepts of turbulence/mean flows interaction in NS equations. Plasma-fluid equations for (2.13) resemble NS equations (2.26) with body sources given
by electric and Lorentz forces and interspecies friction. The presence
of a strong magnetic field makes the turbulence approximately twodimensional, i.e., the typical variation scale of the relevant quantities
(density, potential, etc.) in the perpendicular plane is much smaller
than that along the field. In terms of wavevectors this is expressed
as k ⊥  k k meaning that the typical Fourier spectrum of a field
is supported on a very narrow rectangle oriented along k ⊥ . In twodimensional NS turbulence the existence of the enstrophy as a second
conserved integral quantity (besides the energy, also conserved in 3D NS turbulence) implies that there must exist an inverse cascade of
energy, i.e., a spectral transfer of energy towards low wavenumbers.
The formation of zonal flows in drift wave turbulence can be analogous to the condensation of energy in large convective cells in 2-D NS
turbulence.
2.4.3

Flows driven by asymmetric radial transport

Turbulent transport in the plasma edge is thought to be mainly driven
by drift waves and interchange instabilities. The former is the coupling
of density and potential perturbations through parallel electron mo-
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tion or current whereas the second is pressure gradient driven. It appears in the energy equation [11] in the term ∇ p · κ and therefore it is
stabilising where the normal curvature is parallel to the pressure gradient (i.e. in the inner midplane of a tokamak or regions of ‘good’ curvature) and de-stabilising where they are antiparallel (outer midplane or
region of ‘bad’ curvature). This poloidal inhomogeneity in the radial
transport can produce a parallel pressure gradient that, in turn, drive
mass flows that tend to compensate for the inhomogeneity. This effect
(arguably also valid for ELM particle expulsion) is sometimes invoked
to explain the parallel flows measured with Mach probes in the SOL
of some devices [37, 68], however, it cannot drive global plasma flows
since the surface average of a pressure gradient vanishes. It has also
been suggested that turbulent momentum outflux may be asymmetric
in the sense of having a preferred loss of a particular sign of angular
momentum and therefore exerts a torque on the plasma column [16].
Poloidal asymmetry in transport can also excite global modes with
a uniform poloidal rotation. This is known as Stringer-Winsor spin-up
and it has been argued that turbulent transport could enhance this
mechanism to overcome neoclassical viscosity [41].

3

E X P E R I M E N TA L T E C H N I Q U E S : D I A G N O S T I C S

In this chapter we review the main features and the basic operating
principles of the main diagnostics used in this thesis; namely, Heavy
Ion Beam Probe, Langmuir Probes, Mach Probes and the Fast Visible
Camera.
3.1

heavy ion beam probe (hibp)

The Heavy Ion Beam Probe (HIBP) is a unique diagnostic for its ability
to measure plasma electric potential well inside the plasma column,
where no material probes can be inserted. The operating principle
is as follows: heavy ions I q with charge q (Cs+ in the case of TJ-II)
are accelerated to high energies (several hundred keV) and injected
as a continuous jet into the plasma column. The interaction with the
0
plasma yields a fan of secondary ions I q that are more strongly deflected by the magnetic field. Those secondary ions produced in the
so-called ‘sample volume’ are collected in an energy analyser. Their
energy contains information on the electric potential in the sample volume. Trajectory reconstruction codes allow us to measure the position
and reltive potential of the sample volume.
3.1.1

Formal expression of the electric potential φ

Following the notation of the figure 3 we denote as A, B and C the
injection, ionization and detection points respectively.
The Hamiltonian of a charge in an electromagnetic field is
1
(p − qA)2 + qφ
2m
1
= mv2 + qφ = Ek + E p
2

H(p, x, t) =

(3.1)

From the Hamiltonian equations we obtain the ion trajectory x(t). Assuming that the ion’s energy variation from A to B is given as
∆H( A → B) =

Z tB
dH
tA

dt

dt =

Z tB
∂H

∂t

tA

dt

and using the Hamiltonian expression (3.1) we obtain
∂H
∂φ
∂A
=q
− qv ·
,
∂t
∂t
∂t
and thus
∆H( A → B) = q

Z tB
∂φ
tA

∂t

dt − q

Z tB
tA

v·

∂A
dt .
∂t

(3.2)
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Figure 3: HIBP scheme

We use the notation
∆H( A → B) = qΩ AB .
In the range of ion energies and plasma temperatures commonly
found in magnetic fusion experiments the main ionizing collision is
electron impact I + + e− → I 2+ + 2e− . Because of the large mass ratio
between the heavy ions and light electrons (∼ 105 ) we can regard the
collision as an ionizing process with no change in the ion momentum
and kinetic energy. The extra positive charge after the ionization gives
the ion an energy increment
∆Hioniz. = (q0 − q)φ( B, t B ) ,
and therefore the total energy change between A and B is
∆H( A → B) ≡ H B − H A = qΩ AB + (q0 − q)φ( B) .

(3.3)

Similarly, the energy change between B and C is
∆H( B → C ) ≡ HC − H B = q0 Ω BC .

(3.4)

Summing (3.3) and (3.4) gives
φ( B) =

HC − H A − (qΩ AB + q0 Ω BC )
.
q0 − q

(3.5)

In most situations, the energy difference (or the electric potential energy inside the plasma) is much larger than the energy increment
caused by the fluctuating electromagnetic fields qΩ which tends to
cancel out along the ion’s trajectory. The electric potentials of the injection and detection points are both close to the vacuum vessel potentials
so that HC − H A ≈ Ek,C − Ek,A . Therefore (3.5) simplifies to
φ( B) =

Ek,C − Ek,A
.
q0 − q

(3.6)

3.2 langmuir and mach probes

3.1.2

Operational expression for the electric potential φ

The energy analyser of the HIBP diagnostic at TJ-II is of the ProcaGreen type [38]. The kinetic energy of the secondary ions entering the
analyser is given by
Ek = q0 φana ( Fδi + G ) ,

δi =

iu − id
,
iu + id

(3.7)

where φana is the deflecting electric potential in the analyser gird, i(u,d)
are the currents measured on the up and down plates of the analyser
and F and G are adimensional geometric factors depending on construction parameters and on the entrance angle of the ions entering
the analyser. The kinetic energy of the ions at the injection point Ek,A
can be written as their charge times the accelerating potential in the
injector, i.e., Ek,A = qφinj Substituting this and (3.7) into (3.6) and inserting, for the particular case of TJ-II, q0 (Cs2+ ) = 2 y q(Cs+ ) = 1, one
gets
φ( B) = 2φana ( Fδi + G ) − φinj .

(3.8)

In a stellarator it is possible to calibrate the measurement of the
plasma electric potential. After the end of the plasma discharge but
still during the flat-top of the machine currents the injection of a short
pulse of neutral gas provides a zero-potential signal
0 = 2φana ( Fδi0 + G ) − φinj .

(3.9)

Subtracting (3.8) and (3.9) a simplified expression for the electric potential is obtained
φ( B) = 2φana F (δi − δi0 ) .

(3.10)

The ionization rate of primary ions in a plasma volume is approximately proportional to the local electron density. For the high energy
neutral beam and the low density plasmas, as found in the TJ-II device,
the attenuation of the secondary beam along its trajectory from the ionization or sample volume to the analyser is negligible. In this situation,
the total current on the analyser plates i = iu + id is approximately
proportional to the electron density in the sample volume
i = iu + id ∝ ne ( B) .
3.2

(3.11)

langmuir and mach probes

Langmuir and Mach probes are electrical probes inserted into the edge
of the plasma. The first can be used to measure the local density, temperature and potential whereas the second measures the ion flow in a
given direction. The probes’s operating principle is based on the I-V
characteristic of the current flowing into a material surface immersed
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in a plasma as a function of the potential drop in the Debye sheath
[79]. The current and potential measurements at the probe tip can be
shown to relate to the unperturbed quantities (i.e., plasma electric potential φ p , electron temperature Te and density n∞ far from the probe
location). In what follows we summarise the essential definitions and
relations of the measurements presented in 7. For a detailed explanation of the different probe operating regimes the reader is referred to
[49].
The ion saturation current ISi is the current flowing through the
probe when a large negative bias is applied to it (i.e., when all the ions
entering the flux tube intersected by the probe tip are collected) It is
related to the plasma parameters as
p
(3.12)
ISi = −n∞ e Te /mi AS ,
where n∞ is the unperturbed plasma density, Te is the electron temperature and AS is the effective probe collection area. The floating potential φ f is the electric potential in the probe when the current flowing
into it vanishes, i.e., when ion and electron flows balance out1 . This is
usually negative, since electrons have a higher mobility and reach the
probe tip faster than ions thus charging it up negatively. The floating
relates to the actual plasma potential φ p through
φ f = φp −

3Te
.
e

The poloidal electric field Eθ can be estimated from floating potential
measurements from probes separated poloidaly by ∆θ, i.e.
Eθ ≈ (r∆θ )−1 (φ f (θ + ∆θ ) − φ f (θ ))
and the turbulent E × B transport of an advected density q is given by
Γd = hq̃ṽr i ≈ B−1 hq̃ Ẽθ i .

(3.13)

In particular, the particle flux profile is usually estimated as
Γn
h Ĩ Ẽ i
= B−1 Si θ
hni
h ISi i
making use of the proportionality in 3.12.
A parallel Mach probe consists of two separated probes measuring
the ion saturation current on opposite sides of the magnetic field line
4. The ratio of the ion flow velocity to the sound speed CS is denoted
as Mk and is given by
Mk = 0.41 ln

IS2
IS1

in the Hutchinson model [49].
1 this occurs naturally because of quasi-neutrality when the probe has a high series
impedance to ground.

3.3 fast visible camera

Figure 4: Scheme of a Mach Probe measuring the parallel Mach number.

3.3

fast visible camera

Fast plasma imaging has become a popular diagnostic in fusion plasmas. They have been used for turbulence [83, 93, 3], ELM [52, 62, 2] and
pellet studies [54] to name but a few. Commercial fast cameras achieve
recording speeds up to ∼ 100kfps with resolutions in the range of
∼ 128 × 128 pixels and minimum exposure times in the µs range.
Turbulence fast imaging generally relies on local gas puffing or recycling to make the light emission local in the toroidal direction. In
hydrogen plasmas the most intense radiation in the boundary comes
from the Hα line in the Balmer series emitted after electron impact excitation of neutral hydrogen atoms2 . The local emission can be modeled
as
I = n0 f (ne , Te )
where n0 and ne are the neutral and electron densities and Te is the
electron temperature.
The neutral density is believed to evolve in temporal and spatial
scales which are slow and large compared to that of the evolution of
the electron density. The Te dependence of the emission factor can be
found in [51]. This is quite flat in the range between 10-100 eV and
decays rapidly outside this temperature range. Therefore, to first approximation, the Hα emission as observed in the data presented in this
thesis can be thought to depend mainly on electron density. Figure 5
shows the correlation between the fluctuations in the images with the
fluctuation in the probe saturation current. The correlation shows a
maximum when the turbulent structure passes by the probe tip position, supporting the interpretation of the fluctuation on the light intensity as density fluctuations. However, it should be noted that the
dependence on ne may not be linear and therefore one should be careful when extrapolating quantitative analysis of the intensity pattern to
the underlying thermodynamic fields.

2 There are many other Hα emission processes taking place in the boundary of fusion
plasmas whose relative importance in different regimes is under discussion [20]
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Figure 5: Cross-correlation of the fast camera images near the limiter (see
15) and the Ion saturation current of a Langmuir probe located in
the limiter for different time lags. Structures in the image sequence
move counter-clockwise. The cross-correlation starts increasing in a
coherent structure that will eventually pass by the probe tip location
when the cross-correlation reaches its maximum. The time lag when
that happens (60µs) is attributed to an electronic delay. (Courtesy of
Tim Happel.)

4

I M A G E A N A LY S I S

For analysis purposes, an image can be regarded as a scalar function of
the position coordinates s(~x ), with finite energy, i.e. s ∈ L2 (R, d2~x ). In
practice, s is the pixel gray level and the position coordinates ~x are restricted to a finite and discrete mesh. Color images can be represented
by three different functions s R , sG , s B , corresponding to the three color
channels of the Red-Geen-Blue (RGB) representation.
In this chapter we sumarise and review the image analysis techniques found useful for the interpretation of the fast visible imaging
experimental data. For a more complete description of the different approaches to image analysis presented here the reader is refered to dedicated monographs and journals [61], [19], [6] and references therein.
4.1

scale-space representation

The significant features of an image (borders, corners, ridges. . . ) can
be defined in terms of the geometrical properties of level curves. These
properties translate into differential operators which can be applied
to the image. The Scale-Space representation proposes a formalism
to calculate the derivatives of an image function. In order to calculate the spacial derivatives of a generally noisy image some previous
regularization is required, which is generally accomplished by twodimensional convolution with a smoothing kernel. In the Scale-Space
representation the kernel is a Gaussian function of a certain scale
1 − x T x/(2t)
e
.
2πt
The convolved image
g( x; t) =

L( x; t) =

=

Z
ξ ∈ R2

Z
ξ ∈ R2

s( x − ξ ) g(ξ; t)dξ
(4.1)
s(ξ ) g( x − ξ; t)dξ = g( x; t) ∗ s ,

is a smoothed version of the original image s( x ). The parameter t is
called the scale parameter and controls the minimum scale or size of
the image features to be retained in L( x; t). The change of variable
ξ 0 = x − ξ in (4.1) changes the spacial dependence to the convolution
kernel and therefore any derivative can be computed as
n m
∂nx ∂m
y L = (∂ x ∂y g) ∗ s .

(4.2)

There is a number of properties that single out the Gaussian kernel
as an image regulariser. It can be shown [61] that the Gaussian convolution satisfies the non-enhancement of extrema principle, i.e., image
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Figure 6: Blob detection in scale-space representation. The curves on the right
hand side image are the zero-crossing of the Laplacian ∇2 L = 0.

local extrema can only be smoothed out after convolution. The physical view of the effect of Gaussian convolution is that of thermalisation
or diffusion. Gaussian kernels are solutions of the diffusion equation
∂t g( x; t) =

1 2
∇ g( x; t) ,
2

(4.3)

with limt→0+ g( x; t) = δ( x ), therefore L( x; t) can be seen as the evolution of a temperature profile with initial condition L( x; 0) = s( x ).
In practice, both the image s and the convolution kernel k are matrices and the convolved image is given by
(n,m)

L(i, j) =

∑

k(η, θ )s(i − η, j − θ ) ,

(η,θ )=(−n,−m)

where the dimension of the kernel k is 2n × 2m.
Now as an illustration consider the problem of detecting the blobs in
an image. In the scale-space computer vision literature the zero crossing of the Laplacian has been put forward as a basic blob extraction
method [61]. The pixel set satisfying

∇2 L = L xx + Lyy = 0
can be seen as blob delimiters (see Fig.6).The x, y sub-indices stand
for derivation in the horizontal (x) and vertical (y) directions. However, this approach to blob detection is not suitable for low resolution,
noisy images as those obtained by high speed imaging and discussed
in chapter 5 (see Fig.7).
4.1.1

The application of Scale-Space representation to image oscillation correction

The above presented image analysis technique was applied to the correction of image oscillation in infrared image sequences of the interior
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Figure 7: Scale-space representation of a sample frame

of the JET tokamak. These are high resolution images with well resolved in-vessel components. Therefore the approach was to compute
the edges of the image sequence in a given scale and search for the image shift that maximises the edge overlapping. Edges were computed
as [61]
L2x L xx + 2L x Ly L xy + L2y Lyy = 0 .
4.2

continuous wavelet transformation (cwt)

The Continuous Wavelet Transformation is a signal analysis technique
originally intended to analyse highly non-stationary and inhomogeneous signals (as human speech) for which the Fourier Transform was
inadequate. Fourier analysis uses unlocalised waves (sines and cosines)
as the functional basis in which to project the signal function. This
provides all the frequency information about the signal but no temporal localization of the frequencies. Continuous Wavelets are meant
to achieve a certain degree of localization in both frequency and time.
Therefore, a wavelet can be though of as a local frequency analyser.
We will concentrate here on two dimensional wavelets which have
in image analysis a natural field of application. A 2-D wavelet family
is a three parametric function family labeled with one scale and two
spatial parameters, i.e.
!
~x − ~b
1
ψa,~b (~x ) = ψ
.
(4.4)
a
a
The interested reader is urged to consult the excellent monographs on
the subject [19, 86] for a more detailed explanation of the definition
and properties of 2-D wavelets.
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4.2.1

Two-dimensional Directional Continuous Wavelet Transformation

A directional wavelet is, loosely speaking, an anisotropic wavelet that
is able to discriminate the orientation of the image features. It must
be emphasised that being anisotropic is not a sufficient condition for
a wavelet to be sensitive to the image features’ direction. The formal
definition is formulated in Fourier space: the support of the Fourier
transformed wavelet must be contained within a cone with vertex at
the origin (0, 0). The narrowness of this cone is directly related to the
angular resolving power of the wavelet [6].
Now the wavelet family is labeled with an additional angular parameter θ. The expression for the wavelet coefficient of an image function
s( x ) reads
S(~b, a, θ ) = hψ~b,a,θ |si = a−1

Z

ψ∗ ( a−1 r−θ (~x − ~b))s(~x )d2~x ,

with ψ~b,a,θ (~x ) being an a-scale wavelet centred on ~b and rotated θ radians. This transformation from the real space ~x into the parameter
space (~b, a, θ ) can be proved to be invertible [19], so that any image
function can be expanded in the wavelet basis
1
s(~x ) = c−
ψ

Z

ψ~b,a,θ (~x )S(~b, a, θ ) a−3 d2~b da dθ ,

(4.5)

R
2~
where cψ = (2π )2 |ψ̂(~k)|2 d~ k . The correct definition of the inversion
k
4.5 imposes the admissibility condition
ψ̂(~0) = 0 ⇔

Z

ψ(~x )d2~x = 0 ,

(4.6)

i.e., an admissible wavelet must have zero spatial average.
4.2.2

Description and evaluation of the analysis method

Directional continuous wavelets can thus extract certain local information about the scale and orientation of the image features. In this section we propose a two-step wavelet-based method to detect and characterize turbulent spatial structures as are seen in the plasma boundary
of fusion devices with high speed visible cameras [83, 93, 3].
The algorithm is based on the detection + recognition wavelet scheme
proposed in [7]. At the detection stage an isotropic Mexican Hat wavelet
is used, whereas a directional Morlet wavelet characterises the detected
structures in a second stage. Before going into the details of the algorithm we present these two wavelet families:
mexican hat wavelet The functional form of the Mexican Hat wavelet
is
1
2
1
ψ H (~x ) = √ (2 − |~x |2 )e− 2 |~x| ,
(4.7)
2
with
D E
D
E
ψH = 0 ,
ψ H |ψ H = 1 .
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Mexican Hat

Morlet

Real space

Fourier space

Figure 8: Mexican Hat and Morlet wavelets in real and Fourier spaces.

morlet wavelet The Morlet Wavelet is a directional wavelet in the
sense stated above. Its functional form is


1 −1 2
1 2
2
(k,e)
ψ M ( x, y) = C e− 2 (e x +y ) cos(ky) − e− 2 k ,
(4.8)
with the normalization constant C given by
C (k, e) =

 √ 
− 12
3 2
2
π e
1 + 3e−k − 4e− 4 k
.
2

(4.9)

k and e are, respectively, the central frequency of the Fourier
Transformed wavelet and the anisotropy parameter. The angular resolving power of the wavelet increases with e (see [6]) but
the spatial locality of the wavelet decreases with it. The election
of these tunable parameters is to be adapted to the problem at
hand and to the image size and resolution. Our election was
λ = 2π/k = L/4, e = 1 with L being the length of the frame
side. Note that the central frequency of the re-scaled wavelet ψa
scales as k a = ak.
The frequency content of a wavelet has a finite support in the Fourier
space, therefore the different scales to be used must be such that the
Fourier spectrum of the wavelets do not overlap ‘too much’ in between scales. Here we set the scales in a dyadic grid [ a, a/2, a/4, . . .].
Loosely speaking, the minimum scale that can be used has to leave
the wavelet spectrum well below the Nyquist frequency, whereas the
coarsest wavelet has to be such that the admissibility condition holds
in the region of the wavelet evaluation.
A scheme of the algorithm can be seen in Figure 9 and is explained
below:
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Figure 9: Scheme of the blob detection and recognition algorithm
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1. Wavelet transform the image using a Mexican Hat wavelet (4.8).
The result contains original image structures with a scale comparable to that of the analysing wavelet.
2. Threshold the Wavelet transform so as to remove weak structures and scan for local extrema which are regarded as blob positions

{~b j }, j = 1..Nblobs .
3. Construct a Morlet wavelet of the same scale as the Mexican
Hat in step 1, centred at ~b j and convolve it angle-wise with the
original image. This gives the angular response curve of the j-th
blob detected
W ( j) (θ ) = hψ Morlet
(~x )| f (~x )i ,
~
a,b j ,θ

which is the blob´s signature.
From the angular response curve of a given blob Wj (θ ), the orientation
angle θ̂ is calculated as
θ̂ = θmax +

1
∑i Wi

∑ Wi (θi − θmax + mod(π )) ,

(4.10)

i

where θmax corresponds to the peak value of Wj (θ ). This direction is
regarded as the blob’s principal axis. The aspect ratio of a blob-like
structure is defined as the ratio of its length along the principal axis to
that along an axis perpendicular to this. Noticing the similarity of the
Morlet Wavelet with a second order differential operator (see §4.1), the
aspect ratio can be estimated as
s
W ( j) (θ̂ )
( j)
AR =
,
(4.11)
(
j
W ) (θ̂ + π/2)
since for a model Gaussian blob with widths σx , σy it can be shown
that AR2 =

σx2
σy2

=

∂2y B|~x=0
∂2x B|~x=0

.

For testing purposes we apply the above described blob detection
and recognition algorithm to the synthetic image in Figure 10. We add
Gaussian noise to this image in a proportion of S/N ≈ 5. The results
are shown in Figure 11 and Table 1.
The detection and classification is satisfactory except maybe with
very small scale structures like B4 and B5 which are just above the
pixel size and thus drastically affected by pixel noise. The matching of
the aspect ratio is not as good as the mathc in angles. Nevertheless the
increase in the value of the AR is consistent with the increase in the
actual aspect ratio and is appropriate for comparison.
As an additional test we generate a series of 100 images with a
centred blob with AR = 12
5 and randomized orientation angle. The
histograms of real and extracted angles are shown in Figure 12, and
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Figure 10: (Test blob structures. B1: θ = 60º, AR = 12
5 ; B2: θ =–, AR = 1 ; B3:
θ = 120º, AR = 73 ; B4: θ = 0º, AR = 3 ; B5: θ =–, AR = 1
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Table 1: Real and extracted parameters of the structures in figure 10
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Figure 12: Random angular distribution of a synthetic blob frame series. Real
distribution (left) and extracted (right).

show identical distributions. This confirms the angular isotropy of the
method (i.e. all angles are detectable in the same proportion).
This method is applied to the characterization of turbulent structures in Chapter 5.
4.3

differential estimation of the optical flow

The estimation of the movement of the image structures in an image
sequence is a central topic in the Computer Vision literature in which
it is referred to as Optical Flow estimation. The differential approach to
Optical Flow is based on the seminal work of Horn and Schunk (1981)
[48]. The displacement or velocity field v(x, t) of an image sequence
s(x, t) is defined by the equation
∂s
ds(x, t)
=
+ v · ∇s = 0 .
dt
∂t

(4.12)

Equation (4.12) is known as the brightness constancy assumption since
it states that the brightness or grayscale level of an image ‘element’ is
conserved along its trajectory. In practice, instead of imposing (4.12)
point by point, one tries to find the velocity field that minimizes the
integrated deviation of this condition
ED (v) =

Z

( ∂ t s + v · ∇ s )2 d2 x .

(4.13)

Figure 13 shows the geometrical interpretation of the brightness constancy assumption in one dimension. The observed change in a certain pixel location is due to the displacement of the local profile, i.e.
v = −∂t f /∂ x f .
However, in two dimensional images, the velocity cannot be uniquely
determined solely from condition (4.12). In particular, the velocity component perpendicular to the local image gradient does not enter in this
condition. We therefore require an additional constraint on the velocity
field v(x). This constrain is to impose a certain regularity or smoothness in the velocity field or its spatial derivatives. Consequently, the
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Figure 13: Interpretation of the brightness constancy assumption in one dimension: ∂t f + v∂ x f = 0 .

velocity functional to be minimized is augmented with a regularization term
Z 

E(v) = ED (v) + ES (v) =
(∂t s + v · ∇s)2 + α(|∇v x |2 + |∇vy |2 ) d2 x ,
(4.14)
to be minimised w.r.t. v(x)
∂E(v)
=0.
(4.15)
∂v
The equation (4.15) discretized in the pixel grid amounts to a large
sparse linear system for which efficient iterative solvers exist.
Strictly speaking, the functional (4.14) is suitable for small, rigid
motion. Large displacements make it necessary to work with an integrated version of the brightness constancy assumption linearized
around displacement estimates in a coarser-to-fine multiresolution scheme
(see for instance [17] and references therein). The brightness constancy
assumption itself can be improved by allowing brightness accumulation
in the image [17]
ED (v) =

Z

(∂t s + ∇ · (sv))2 d2 x .

(4.16)

and the square error functions in (4.14) can be replaced with robust
error functions to allow local departures from brightness conservation (sources or sinks) or smoothness (edges, occlusions, etc). In this
case, the (in principle non-linear) minimization problem (4.15) can be
tackled by iteratively reweighed least squares (IRLS) or succesive overrelaxation (SOR). Figure 14 shows the average velocity map of fillament impacts on the outer limiters of the JET tokamak. Fillamets are
seen to move poloidaly at ∼ 1 km/s.
The problem of extracting a constant velocity field is found in practice in oscillating image sequences1 . In this simplified case there are
only two unknowns (v x , vy ) and one can drop the regularity term in
(4.14). The IRLS solution to this problem
!
!
!
(∂ x I )2 ∂ x I∂y I
vx
∂x I
= ∑ z(ξ )∂t I
∑ z(ξ )
∂y I∂ x I (∂y I )2
vy
∂y I
s
s
1 in the case of plasma imaging this is the usual situation as the energy released in
ELMs and disruptions makes the machine structure vibrate.
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Figure 14: Average velocity map of fillament impacts on the outer limiters of
the JET tokamak. The typical size of the arrows is equivalent to ∼ 1
km/s.

where the weights, z(ξ ) = ρ0 (ξ )/2ξ and ξ = ∂t I + v · ∇ I, are functions
of the chosen error function ρ.
An alternative and attractive general minimization technique based
on Markov chain Monte Carlo (MCMC) methods was proposed in [53]
and baptized as Simulated Annealing. The technique has been adapted
and applied to the problem of Optical Flow estimation in [12]. The philosophy of Simulated Annealing is borrowed from statistical physics.
The problem of minimizing the functional (4.14) is analogous to that
of finding the ground state of a physical system of many interacting
entities such as in the famous Ising model. We can make use of this
analogy and define the probability of a collective state v(x) as a canonical ensemble
Π(v) = Z −1 e− βE(v) = Z −1 e− βED (v) e− βES (v) ,

(4.17)

with β = 1/T being analogous to the inverse temperature in the Boltzmann distribution.
In Bayesian jargon this can be seen as the posterior probability, P(v|s) =
Π(v) being the product of the conditional probability P(s|v) ∝ e− βED (v)
times the prior distribution, P(v) ∝ e− βES (v) . MCMC provides a formalism to generate a sequence of states {vi }1..N distributed according to
an arbitrary probability, as for instance Π(v). The temperature of the
system is set to a high value at the beginning of the chain to allow
the system to wander freely away from local minima. Then, slowly, the
system is cooled down making the modes in the distribution progressively more pronounced and more likely to be visited by the chain.
The state in the chain with minimum energy can thus be regarded as
a good approximation to the solution of the minimization problem.

Part II
E X P E R I M E N TA L S T U D I E S

5

TWO DIMENSIONAL STRUCTURE OF EDGE
TURBULENCE IN DIFFERENT CONFINEMENT
R E G I M E S I N T H E T J - I I S T E L L A R AT O R A N D T H E
NSTX SPHERICAL TOKAMAK

This paper reports the impact of different confinement regimes on the
2-D structure of edge turbulence. An image analysis method based on
two-dimensional continuous wavelet transformation (2D-CWT) is used
to localize structures (blobs) in the images and to extract their geometrical characteristics (position, scale, orientation angle and aspect ratio).
We study the impact of edge shear-layers on these geometrical aspects
of blobs. Results show a reduction in the angular dispersion of blobs as
the shear layer is established in the boundary, as well as an increase in
the elongation of these structures. Similar behavior is found in NSTX
image sequences when going from L to H mode plasmas. During improved confinement regimes the number of detected blobs decreases.
Some indications are found suggesting that the turbulence reduction
could be scale-selective in the biasing-induced improved confinement
regime of TJ-II stellarator. Perpendicular flow reversal is visualized
with the cameras and the time scales for flow reversal are found to be
less than 50 µs. Radially propagating structures are found in the SOL
with velocities of about 1000 m/s and with a poloidally asymmetric
spatial distribution.
The contents of this chapter were published in [4, 3] and presented
as an parallel invited talk in the conference of Plasma Physiscs of the
European Physical Society in Rome 2006.
5.1

introduction

Transport in fusion devices is a phenomenon with a high degree of
complexity. Localized layers where E × B shear stabilization mechanisms are likely playing a role, have been extensively proved to have
a beneficial impact in confinement. A reduction in turbulence amplitude is expected and measured [84]. However, few attempts have been
made to study the effects of such layers on the morphology of turbulent structures [85]. Two-dimensional images of edge plasma turbulence have been obtained by high-speed imaging in the visible range
in the edge of tokamak devices [93], [83].
This paper reports a 2-D visualization of transport in the plasma
edge of the TJ-II stellarator. A wavelet-based image analysis method
is used to localize and characterize blob-like structures. The impact of
shear flows on turbulent structures is investigated by means of this
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Name

Resolution @ Speed (exp. time)

Intensified

PSI-5(1)
Photron APX-RS(2)
Photron APX-I(2)

Frames/shot

64 × 64 @ 250 kfps (4 µs)

Yes

300

80 × 128 @ 100 kfps (10 µs)

No

∼ 104

80 × 256 @ 50 kfps (1 µs)

Yes

∼ 104

(1) Princeton Scientific Instruments
(2) Photron LTD.

Table 2: Fast camera models used for the results presented in this paper.

method. Similar analyses are carried out in TJ-II and the NSTX spherical tokamak and the results are compared.
5.2

experimental set-up

Experiments were carried out in Electron Cyclotron Resonance heated
TJ-II plasmas (PECRH = 200 − 400 kW, BT = 1 T, R = 1.5 m, h ai = 0.22
ι( a)
m, 2π ≈ 1.6). The names and characteristics of the cameras used in
these 2-D turbulence studies are summarized in Table 2. The cameras
were placed on an optical bench one meter away from TJ-II stellarator
central coil in order to eliminate stray magnetic field effects. The image
was taken from the vacuum vessel port to the camera sensor by means
of a coherent fiber bundle and a suitable set of lenses.
H-alpha from neutral recycling near the limiter makes the outer
plasma region visible (ρ ∼ 0.6 − 1). The view plane is a near-poloidal
cross-section, the line of sight being approximately parallel to the local
B field direction (see Fig.15). The spread of the Hα emission parallel
to field lines around the poloidal limiter, measured with another view
was about 10 cm. The observed radial Hα emission profile is almost
flat in the first few centimeters (∼ 2 − 3 cm) and then decays with a
typical decay length of about 5 cm.
Bright structures are frequently seen with a spatial extent of a few
centimeters. These structures show predominant poloidal movements
with typical speeds of 103 - 104 m/s. The direction of motion is in
agreement with the expected E × B drift rotation direction.
5.3
5.3.1

blob geometry
Geometrical parameters and feature extraction method

The ellipse-like structures seen in the background-subtracted1 images
motivate the definition of the following geometrical parameters: a)
scale or size of the blob b) orientation angle (angle with respect to
the horizontal axis of the ellipse’s principal axis) c) aspect ratio (length
1 the background is calculated as the median of every pixel’s time trace in a 1 ms time
window.

5.3 blob geometry

Figure 15: View plane and field lines by the poloidal limiter used for plasma
edge lightening. Broad lines stand for the toroidal extent of the
light cloud.

along the principal axis to the length along the axis perpendicular to
the principal axis).
A two-dimensional continuous wavelet transformation (2D-CWT)
was found to be suitable for extracting these parameters. A thorough
introduction to the 2D-CWT can be found in [86]. We outline here only
the necessary formalism to make the following explanation clear. The
transformation is given by:
S( a,~b) = hψa,~b (~x )| f (~x )i ,


~
where ψ(~x ) is the analysing wavelet and ψa,~b (~x ) = 1a ψ ~x−a b , f (~x )
is the image function. Angle brackets stand for spatial integration. In
the two dimensional case, anisotropic wavelets can be constructed, the
transformation 
being labeled
with an additional angle parameter θ,

ψa,~b,θ (~x ) =

1
aψ

r−θ (~x −~b)
a

, where r−θ is the θ-rotation matrix. This

allows the extraction of oriented features.
The method presented here has a detection-recognition scheme based
on isotropic (detection) and anisotropic (recognition) 2D-CWT [6]. In
a first stage blobs are localised. For this purpose, the image is wavelettransformed with a Mexican hat wavelet,
ψ MexHat ( x, y) = C (2 − x2 − y2 )e−

x 2 + y2
2

,

where C is a normalizing factor. The result contains the original image
structures with a scale comparable to that of the analysing wavelet.
Weak structures are removed by thresholding. The threshold is chosen higher for smaller scales which are more affected by noise. Local
extrema are regarded as blob positions ~b j , j = 1..Nblobs . The characteristics of the Mexican Hat fourier spectrum together with the frame
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size and the pixel resolution limit the number of scales that can be
used. For the results presented here three scales separated by a factor
of two were selected in the range between 0.7 cm−1 to 2.8 cm−1 .
At a second stage the Morlet wavelet,
 1 −1 2 2

1 2
ψ Morlet ( x, y) = C cos(k0 y) − e− 2 k0 e− 2 (e x +y ) ,

(5.1)

was used for directional analysis. The parameters k0 and e were set to
3 and 1 respectively. This choice was a compromise between angular
resolving power and spatial locality.Angular convolution with the Morlet wavelet gives the angular response curve of the j-th blob detected
W ( j) (θ ) = hψ Morlet
(~x )| f (~x )i. From this curve, a blob’s orientation an~
a,b j ,θ

gle θ̂ can be inferred. θ̂ is the angle between blob’s principal axis and
the frame x-axis. No precise mapping of magnetic surfaces over the images has yet been made, so that the scales and angles presented here
are not referred to the local magnetic coordinates (i.e. radial-poloidal
coordinates) but to frame coordinates.
The aspect ratio (the ratio of blob dimension along its principal axis
to the dimension
along the perpendicular axis) can be estimated as
r
AR( j) =

5.3.2

W ( j) (θ̂ )
W ( j) (θ̂ +π/2)

.

Edge shear layer effect on blob geometry

The appearance of a natural shear layer in the TJ-II stellarator above
a density threshold (though probably density is only an operational
control parameter) is a robust and well characterised phenomenon [67].
The threshold density is found to be around 0.6 × 1013 cm−3 for the
magnetic configuration used for the experiments reported in this paper.
Below this density the Langmuir and Heavy Ion Beam probes measure
the positive central electric potential to monotonically decay towards
the edge, smoothly continuing the flat potential profile into the SOL.
For densities higher than the threshold density the radial electric field
becomes negative (radially inwards) in the boundary and the shear in
the E × B velocity profile increases in the edge region (r/a ∼ 0.9).
Fast imaging of the plasma edge in different shots with distinct densities revealed the effect of the shear layer on the turbulent structures.
The results are summarized in figure 16.
The angular distribution referred to in figure 16.a is the distribution
of the orientation angles (as defined in section 5.3.1) of all the detected
blobs with an aspect ratio above 2. The standard deviation of this angular distribution is a measure of the scatter in the orientation, i.e. the
lower the standard deviation the more uniformly aligned the blobs
are. The fraction of such elongated blobs (AR > 2) is the ’percentage
of elongated blobs’ and is a measure of the blobs’ elongation. According to this interpretation, the effect of the shear layer is to align the
orientation of the blobs as well as to stretch them.
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Figure 16: Effect of the edge shear layer on the blob geometry. (a) The standard deviation of the distribution of the blobs’ angles decreases
with increasing density. (b) The percentage of elongated blobs increases with increasing density. (c) Sample image series for the shot
12369 marked with a plus sign in plots (a) and (b). Camera: PSI-5
(see table 2). The grey stripe shows the threshold density for shear
layer development. The scale of the structures used for statistical
analysis was k = 1.2 ± 0.5 cm−1
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Figure 17: Evolution of line averaged electron density, electron density to H
alpha ratio and blob population during a biasing experiment (TJII shot numebr 16028, electrode 2 cm inside the plasma, biasing
voltage 300 V). Camera: Photron APX-RS, 8064 frames @ 100 kfps
(10 µs exp. time).

5.3.3

External biasing induced improved confinement regime

Improved confinement regimes are accessible in the TJ-II stellarator
through external biasing [44]. The plasma edge is biased with a graphite
electrode installed in a fast reciprocating probe drive. The electrode
was inserted typically 2 cm inside the LCFS and biased with respect to
one of the two TJ-II limiters [77]. Significant modifications in the level
of fluctuations have been previously reported using probe measurements during the transition to improved confinement regimes induced
by edge biasing [44, 77].
Figure 17 shows the time evolution of line averaged plasma density (ne ), the ratio ne /Hα and the blob populations detected in three
different scales during edge biasing. During the biasing phase, image
fluctuations decrease in intensity and fewer events are detected by the
extraction method.
There are some indications that the reduction in turbulence levels is
not the same for all the scales. From the evolution of the blob populations in Figure 17 it can be noticed that the reduction (or increase in the

5.3 blob geometry

case of biasing turn-off) for the medium scale structures is somewhat
stronger than for the big scale ones. The k power spectra of the on/off
biasing phases exhibits this effect only marginally. A relatively higher
reduction/increase has been observed around k ∼ 1.5 cm−1 but this
difference is within the error bars.
5.3.4

Blob statistics during L and H modes in NSTX

The blob extraction/analysis method presented in section 5.3.1 was applied to images of the edge of the NSTX spherical tokamak obtained
during active gas puffing [93]. Images of the L mode plasmas show an
intense blob activity in the edge of the plasma with structures propagating to the SOL. H mode images show little blob activity in the edge
with rare expulsion of structures from the boundary. Figure 18.d shows
one of these structures in an L mode sequence. Figure 18.e shows a few
frames from an H mode shot.
Differences were found in the geometric properties of the blobs detected in L and H mode plasmas as represented in Figures 18.a and
b. The standard deviation of the blobs’ angular distribution is significantly smaller for H mode plasmas whereas the percentage of elongated blobs increases from L to H mode plasmas. These effects are
qualitatively similar to those found with the establishment of the natural shear layer in TJ-II (section 5.3.2) though quantitatively stronger.
Figure 18.c is the number of the events per frame. The reduction of
turbulence can clearly be seen.
5.3.5

Comment on analysis and results

Fast moving blobs can appear in the images as blurred elongated structures. The poloidal velocities measured in the TJ-II stellarator with
Langmuir probes are about 1000 m/s for low density regimes and
−1000 m/s () for high density regimes. Typical values for poloidal rotation during the external biasing improved confinement regime are
about 1500 m/s. In the case of NSTX, the poloidal velocities as measured with a poloidal array of Hα chords show a big dispersion for L
mode plasmas but clustering around −4000 – −3000 m/s. For H mode
plasmas, the measured velocities are in the range of −4000 – −5000
m/s (see [93]). The poloidal velocities of the regimes compared in this
paper are rather similar and thus the blurring effect should equally
affect the measurements. Even a 1000 m/s difference in poloidal velocities would cause a 1 cm movement during 4µs integration time.
For a blob scale of λ ∼ 5 cm (k ∼ 1.2 cm−1 ) and AR = 1 would be
seen as a blob with AR = 1.08. This effect decreases for increasing AR
and cannot account for the observed differences in the aspect ratio and
orientation angle histograms.
The recordings analysed here were taken in different density and
confinement regimes. In spite of this variety of plasma conditions
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Figure 18: k = (1.2 ± 0.5) cm−1 blobs statistics for different NSTX shots in
L and H mode regimes (a)-(c). Image series (e) and (d) are sample
sequences for the shots marked in (b). Detected k ∼ 1.2 cm−1 structures are marked with a blue cross. The frame side length is 23 cm.
Camera: PSI-5 (see table 2).

5.4 time scales

the radial extent of the light cloud (i.e. the region where the Hα signal/noise ratio is high enough for the structures to be detected) did
not change considerably.
5.4

time scales

Previous works have reported on the existence of two different time
scales in the evolution of plasma edge parameters (e.g. floating potential) during the formation of the sheared flow pattern [36]. The change
in the floating potential during the density ramp-up is completed in
a few tens of milliseconds. Together with this slow reversal, fast transients (in the scale of a few tens of microseconds) are observed in the
proximity of the threshold density.
These fast transients have now been studied with fast camera images.
For densities below the threshold density, the structures rotate counterclockwise in the poloidal direction (figure 19.a), in the direction of the
E × B velocity. When the density is close to the threshold density the
rotation direction becomes uncertain and either of the two rotation directions can be distinguished for a few frames. Furthermore, a rotation
inversion can be captured as figure 19.b illustrates. This inversion takes
place within a few tens of microseconds and thus supports previous
observations of fast transients in the probe signals.
For higher densities, the electric fields in the boundary become negative and the structures rotate clockwise (figure 19.c).
5.5

radial transport and poloidal asymmetries

The poloidal limiter proved to be a good source of neutrals for imaging
the Hα light in the outer part of the plasma. However, in order to image
the SOL it was necessary to increase the plasma-limiter separation. The
reduced signal level made it necessary to use an intensified camera.
With this experimental set-up structures are found in the SOL (see
Figure 20). The spatial distribution of the observed structures in the
SOL is not poloidally symmetric. Detected events seem to cluster in
the lower region of the frame where the magnetic field is lower. A
systematic study of the relationship between the poloidal distribution
of structures and magnetic topology remains to be done.
From Figure 20, an estimation for the radial velocity of one blob can
be calculated. The structure marked with an ellipse in the lower image is several centimeters away from any other structure in the previous frame (Figure 20 upper image). Then, assuming that this structure
came radially out of the plasma column, vr ≈ 2cm/20µs = 1000m/s.
This rough estimate is in the upper tail of the perpendicular velocities
probability distribution functions calculated from the perpendicular
particle flux induced by fluctuations (vr = hΓ E× B i/hni).
The dependence of the radial velocity on the structure’s scale is
of importance not only for understanding transport in the SOL but
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Figure 19: Evolution of poloidal movement of structures in different time segments during a density ramp-up in TJ-II. (a) Positive electric field,
(b) Transient phase where poloidal velocity jumps from positive to
negative in a few tens of microseconds. (c) Regime with fully developed negative electric field. Camera: Photron APX-RS (see table
2).
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Figure 20: Two consecutive frames for estimating the radial velocity of blobs.
Structure within the ellipse is absent 20µs before. Camera: Photron
APX-I (see table 2).

5.6 conclusions

also to predict particle and energy losses onto divertor plates and the
main chamber wall in fusion devices. Some theoretical models conclude that the radial speed increases as the square root of the blob size
[33] whereas others [56] predict a radial blob velocity inversely proportional to the blob size squared. Fast imaging diagnostics together with
multi scale techniques, as the one outlined in section 5.3.1, can serve to
unravel the dispersion relation v(k) of the SOL propagating structures.
5.6

conclusions

Two dimensional plasma edge turbulence was investigated by means
of fast imaging in the visible range. Both radial and poloidal dynamics
have been investigated. Observed structures velocities are vr ∼ 1 km/s
and vθ ∼ 1 − 5 km/s.
A continuous wavelet-based method was used to localize and study
the geometry of spatially coherent turbulent structures (scale, aspect
ratio and orientation angle) in different plasma regimes.
The impact of the naturally occurring shear-layer, self-organized near
marginal stability, on TJ-II edge turbulent structures was addressed.
Experimental results show a reduction in the angular dispersion of
k ∼ 1.2 cm−1 blobs as the shear layer is established in the boundary,
as well as a slight though noticeable shift of the aspect ratio histogram
toward higher values. A similar effect is observed in NSTX image data
when going from L to H mode plasmas. These results are consistent
with the picture of the shear layer stretching blobs as well as ordering
them.
Secondly the effect of external biasing on the relative populations of
blobs of three different scales was studied. A reduction in all the analysed scales is observed during the biasing phase. Some indications
are found suggesting that the turbulence reduction could be scaleselective.
The plasma poloidal flow inversion when going through the TJ-II
critical density for shear layer formation was captured. The flow reversal was seen to take a few turbulence autocorrelation times (∼ 50µs).
In order to study the SOL structures it is necessary to operate with
intensified cameras and/or active gas puffing injection. Structures seen
in the TJ-II scrape-off layer have speeds about 1 km/s and their spatial
distribution is poloidally asymmetric.
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FA S T I M A G I N G O F P L A S M A M A C R O I N S TA B I L I T I E S
IN THE JET TOKAMAK

This article is a summary of the measurements of the recently installed
wide-view fast visible camera in the Joint European Tokamak (JET).
Here we limit ourselves to a description of the different phenomena
observed and leave for forthcoming articles a more extensive analysis
of this data.
The contents of this chapter were presented in [2].
6.1

camera system and technical issues

A fast visible Photron APX-RS camera has recently been installed on
JET. The camera is located near the equatorial plane of octant 8 and is
sharing the endoscope sight line designed for infrared imaging [34]. It
uses a CMOS detector with a maximum recording speed of 250 kHz
and a minimum exposure time of 1µs. In the present set-up a commercial camera lens (F#1.4, f = 135mm) and no filters are used. The
camera was tested against high radiation fluxes and rapidly varying
magnetic fields. The integrated neutron fluence in the camera position
after four months of operation is in the range of 4 × 1010 n/cm2 . So far
there is no evidence of permanently damaged pixels. Several disruptions were recorded with the camera withstanding field variations of
up to 4 T/s.
6.2
6.2.1

observed phenomena and first estimations
ELM physics and plasma-wall interaction

The fast camera has provided useful information on a wide variety of
different fusion plasma relevant issues including plasma wall interaction, ELMs and disruption physics. Figure 21 shows the expulsion of
macroscopic particles from the wall after the occurrence of an ELM.
Some 6 ms after the wall load increase caused by an ELM, a shower
of solid fragments is seen to come from the outer wall poloidal limiter
and they seem to be accelerated in the toroidal co-current direction
(that is also the direction of the parallel plasma flows for this configuration). The particle lifetime is about 50 ms. ELMs are commonly seen in
the images as a sudden increase of visible radiation intensity. For high
power type-I ELMs, as shown in Figure 22, an associated filamentary
structure can be observed (also observed in other machines [52, 62]).
In the high frequency recording of an ELM, shown in Figure 24, a he-
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Figure 21: Particle expulsion from a poloidal limiter. Images are taken at 3
kfps with 166µs exposure time.

Figure 22: Filament development during an ELM (30 kfps, 25µs exp. time).
The background images (calculated as the pixel median over 500µs)
has been subtracted from the original frames to highlight the filamentary structure.

lical interaction pattern can be seen on the wall within 40µs following
the onset of the ELM (the associated Dα rise). This kind of interaction
pattern has also been seen with infrared cameras in JET [5]. It should
be noted that an ELM impact can produce localized particle desorption from the wall elements. These particles are transported parallel
to the magnetic field and can also be seen as filamentary structures
(Figure 24, third and fourth frames) which are thus different from the
ELM’s own structure.
6.2.2

ELM radial / parallel dynamics

Very fast framing can be achieved if the active part of the detector
is reduced. Images in Figure 23, show a 100 kfps frame sequence of
the divertor during an ELM. The radiation increase starts very close
to the strike points. The Dα signal rises and progressively reaches up
the divertor to the limiters shadows. Two possible causes of this delayed arrival have been identified, either the radial decay of the parallel flow because of the SOL temperature profiles [69] or the intrinsic
ELM radial velocity. The relative importance of these two factors is
under investigation. From Figure 23 it is apparent that the volume
light emission from the inner divertor is stronger that that of the outer,
consistent with the measured higher neutral density. An intensively
radiating cloud localized between the strike points is seen after the
impact of some ELMs and appears to rotate in the toroidal direction
(Figure 23.a).

6.2 observed phenomena and first estimations
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Figure 23: Estimation of the outward ELM propagation. (a) Time trace of the
pixels along the blue line indicated on the last frame of (c) –approx.
in a poloidal section. The radiation onset shows a delayed arrival
to the ELM energy flux to the different divertor positions. (b) Closeup of the ELM rise. (c) Sequence of the divertor at the ELM onset
(@ 100 kfps 9µs exposure).

Figure 24: ELM onset and interaction with the wall (@ 30 kfps 25µs exposure).
A helical wall-interaction pattern can be seen less than 40µs after
the start of the Dα rise.

c)
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Figure 25: JET interior during a plasma disruption (@ 30 kfps, 25µs exp. time).
The magnetic configuration is largely lost and the plasma interacts
strongly with the inner and outer walls. A light cloud is seen to
move toroidally in the counter-current direction. The cloud moves
∼ 90 deg in the toroidal direction in 3 frames time. For R = 3 m
this gives ∼ 4 × 104 m/s.

6.2.3

Plasma Disruptions

During disruptions (Figure 25) the plasma detaches from the divertor
as the current is lost and high particle fluxes are directed to the wall.
MHD activity can also be seen as filamentation. In the course of a
disruption a highly radiating MARFE-like ring could be seen which
travels from the upper plate, where it formed, to the equatorial plane
in the HFS in ∼ 5 ms, where it keeps radiating for ∼ 32 ms. The plasma
then disrupts.
6.3

conclusions and future plans

The recently installed fast visible camera in JET has produced some
preliminary data. A number of physical phenomena including particle
expulsion from the wall, ELM filamentation, MARFE formation and
disruptions have been observed. The apparent toroidal rotation velocities of the structures during ELMs and disruptions were estimated
from the images to be of the order of 10 km/s. ELMs can be seen
to reach the first wall less than 40µs after the start of the light rise
giving, for a typical wall clearance of 40 mm, radial propagation velocities in the range of 1 km/s. More extensive analysis of the individual
phenomena, here only briefly described, will be carried out in the future. Investigations of pellet-plasma interactions will also be studied
with the fast visible camera. The study of lower intensity phenomena,
including the continuous plasma wall interaction and the generation
and dynamics of impurities, requires a higher signal level. Image intensifiers are being tested for possible installation in the JET fast imaging
system, which would aditionally allow the use of interference filters
so as to investigate a wide variety of phenomena. Image analysis techniques for optical flow estimation, spatial-temporal structure detection
and IR/visible data merging are under development.

PA R A L L E L F L O W S A N D R E Y N O L D S S T R E S S
EVOLUTION DURING EXTERNAL BIASING IN TJ-II

The structure of turbulence and parallel and perpendicular E × B flows
have been investigated during the transition to improved confinement
regimes induced by biasing. The radial electric field at the edge and
the E × B shear increase, while the level of edge fluctuations is reduced significantly during such improved confinement regimes in TJII. In addition, the parallel flow Mach number changes by ∆Mk ≈ 0.3
in the plasma edge region. In order to investigate the role of E × B
sheared flows and turbulence on parallel dynamics, the cross correlation coefficient, hṽr ṽk i/(hṽ2r ihṽ2k i)1/2 , was computed in the presence of
perpendicular flows induced by biasing. Although the level of turbulence decreases, the phase coherence increases and the resulting turbulent forces ∂r hṽr ṽk i are shown to be high enough to affect parallel
dynamics. These findings represent the first experimental evidence of
the dual role of electric fields as a stabilizing mechanism of plasma
turbulence and as an agent affecting the parallel momentum balance
via turbulence modification.
The contents of this chapter have been accepted for publication in
Europhysics Letters.
7.1

introduction

Plasma flows play a crucial role in transport (e.g., in the development
of transport barriers) and stability (e.g., in stabilizing resistive wall
modes) in magnetically confined plasmas [84]. Toroidal rotation can
be driven by external forces, e.g., momentum input by neutral beam
injection (NBI) but in large scale devices like ITER, the NBI driven
rotation will only be moderate, so that the identification and understanding of plasma rotation mechanisms is important. Nonetheless,
the dominant role of external momentum input is being questioned
due to experimental evidence of significant toroidal rotation without
momentum input. Experiments in the Alcator C-Mod tokamak show
that the toroidal rotation propagates inwards radially from the plasma
edge after the transition from low to high confinement regimes (LH transition), and the resulting core rotation was found to depend
strongly on the edge magnetic configuration [70]. Other experiments
also show regimes with spontaneous or anomalous toroidal [73, 60, 13]
and polodial [18, 78] rotation of the plasma core.
Different mechanisms have been proposed to explain these results,
including neoclassical effects [71], turbulence driven models [16, 32,
22], fast particle effects [55] and electric fields [50]. There are instances
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of experiments [74] that report on poloidal rotation in good agreement
with neoclassical transport in the collisional Pfrisch-Schlütter regime.
Parallel flows in the Scrape-Off-Layer (SOL) of the TCV tokamak seem
to be well explained by Pfrisch-Schlüter flows [68] with a B field independent component attributed to the strong poloidal asymmetry of the
turbulent transport. This is sometimes referred as the ballooning nature
of the transport in the plasma edge and has been considered as a flow
driving mechanism in the SOL in a number of works [59, 25, 92, 82].
Recent experiments have demonstrated the possible influence of turbulence on anomalous parallel flows observed in the plasma boundary region [36, 59]. Following the line of the turbulence driven models, mean flows or plasma rotation can be originated as a collective
effect of small scale turbulence self organising into a mean flow pattern in what is know as a negative viscosity phenomenon in fluid hydrodynamics [80]. Negative stands for the fact that turbulence can,
in some circumstances, sustaining a gradient in the mean flow, instead of tending –as a ‘positive’ viscosity would do, to flatten it. The
Reynolds stress mean i-flow acceleration in a (flat) magnetic surface
labeled with r is of the form ∂r hṽi ṽr i, i.e. it requires turbulent motion to be anisotropic and this to be radially non-uniform. Turbulence
anisotropy can be heuristically pictured as an ‘eddy tilting’ (recently
pictured with a fast visible camera diagnostic in the perpendicular
plane [3]) whereas the radial dependence can be ascribed to a variation on the eddy tilting (i.e. on the coherence of the velocity fluctuations hṽi ṽr i/(hṽ2i ihṽ2r i)1/2 ) and/or to a variation of the turbulent fluctuation intensity. Pioneering experiments focused on the direct measurement of the perpendicular Reynolds stress in the boundary region of fusion plasmas [63, 46, 91, 72, 8, 87], in search of a poloidal
flow driving mechanism. More recently, the influence of the parallel
Reynolds stress on mean flow regulation was pointed out in various
works [32, 40, 36, 39]. In Ref. [39] the role of sheared radial electric
fields as a parallel symmetry-breaking agent (i.e. rendering a finite
non-diffusive component of the parallel Reynold stress hṽr ṽk i) was
put forward. This Paper presents the first experimental evidence of the
dual character of electric fields as a damping mechanism for plasma
turbulence, a well known ingredient in the development of transport
barriers, and its influence on parallel momentum balance via turbulence modification.
7.2

experiment description

Experiments were carried out at the TJ-II heliac in Electron Cyclotron
Resonance Heated plasmas (PECRH = 200 − 400 kW, BT = 1 T, R = 1.5
m, h ai ≤ 0.22 m, ı( a) ≈ 1.7 − 1.8). A graphite electrode was inserted
3 − 4 cm into the plasma and biased with respect to a poloidal limiter
located in the last closed flux surface (LCFS) for 50 ms. A combined
Langmuir-Mach probe (located in a different toroidal sector of the device) was used to measure the fluctuating poloidal electric field and
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the parallel mass flow with a sampling frequency of 2 MHz. Profiles
of the were obtained in a series of very similar plasma discharges on a
shot to shot basis (see Fig. 26).
An instrumental note is in order at this point. In the results presented in the next section, the fluctuating E × B radial velocity is computed as the difference of two poloidally separated floating potential
measurements, ṽr = Ẽθ /B ≈ (φ̃1 − φ̃2 )/∆θ B. It is customary to use
the innermost Langmuir probe that is not shadowed by the material
separating the two pins of the Mach probe (probe 2 in Fig. 27). However, this poses the question of whether the spatial separation (of the
order of 5 mm) of the measurement locations for ṽr and M̃k can introduce a phase difference. This instrumental problem is illustrated
in Fig. 28, which shows the cross-correlation curves of the radial and
parallel fluctuating velocity components as measured by probe 1 and
probe 2. The curves for the probe 1 are centred whereas those of probe
2 show a time lag of about 3 − 4µs. The differentiation of the curves
without (blue) and with (red) biasing is clear for both probes, and the
maxima of the curves for probe 2 show a similar tendency as those
for probe 1. We understand that both probe signals reflect the same
physical changes (i.e., an increase in the cross-correlation coefficient,
which constitutes one of the main results reported in this Paper), but
probe 2 is affected by a spurious time delay resulting from the spatial
separation of the measurement locations. To avoid this ambiguity, all
results presented below have been calculated using the radial velocity
from probe 1 (with τ = 0), in spite of the fact that it is in the shadow
region.
7.3

results and discussion

The effects of biasing are clearly seen in the floating potential and ion
saturation current profiles, as well as in the turbulence level (Fig. 29 and 30).
Before the application of the external biasing the plasma density was
below the critical value to trigger edge sheared flows in TJ-II [67]. As
a consequence, the floating potential profiles were very flat before biasing (Fig.29). The external biasing modifies the floating potential profile from ρ ∼ 0.95 inwards. The increased radial electric field shear
reduces the amplitude of the turbulence, while the density profile (proportional to the ion saturation current Is in Fig. 29) becomes steeper as
a result of improved confinement [43]. The external biasing has also a
large effect on the parallel mass flow shown in Fig. 29 (lower graph) as
(3)

(1)

the parallel Mach number Mk = 0.4 log( Is /Is ) (cf. the probe head
scheme in Fig. 27). The parallel velocity profiles are rather flat when
there is no external biasing, with values ranging from −0.4 outside
the LCFS to −0.2 at ρ = 0.8, some 4 cm into the plasma 1 . During
the improved confinement due to external biasing, a stronger parallel flow shear develops at the plasma edge, while the Mach number
remains unaltered in the outermost position (where the biasing does
1 The positive direction of the parallel flow is the same as the local B-field
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Figure 26: Evolution of the floating potential in the TJ-II shot series discussed
in this work. External biasing was applied between 1100 and 1150
ms. Time windows used for averaging are marked by blue (before
biasing) and red (during biasing) bands.
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Figure 27: Combined Langmuir-Mach probe scheme. Probes 1 and 3 are
aligned along the field line forming a Mach probe. Probe 2 (which
is taken as the radial reference in this work) is 5 mm more inward
than probes 1 and 3.

not affect the electrostatic potential either), there is a significant positive increment ∆Mk ≈ 0.2 − 0.4 at inner radial locations. The parallel
component of the Reynolds stress (hṽr M̃k i) was computed both before and during the biasing and is shown in Fig.31. In both phases, the
highest gradients appear to be associated to the transition from open
to closed field lines in the proximity of the LCFS. In this location the
radial-parallel correlation changes sign. During biasing, the reduction
of turbulence tends to diminish the magnitude of hṽr M̃k i, and yet the
radial gradient of this turbulence-driven velocity flux inside the LCFS
is larger than without biasing. Normalising the Reynolds stress component by the RMS values of its constituents (which amounts to calculating the correlation coefficient) reveals that the fluctuation coherence
strongly increases toward the interior (see Fig. 31, lower graph) and is
responsible for a significant part of the gradient in the radial-parallel
coupling. Making use of the fast reciprocating capabilities of the combined probe, single-shot scans were obtained, the profiles showing similar tendencies. It must be noticed that in the phase before biasing with
very low radial electric field the magnitude of hṽr ṽk i is already noticeable. The main effects of the applied Er (apart from the turbulence
level reduction) are the increase in the fluctuation coherence and the
change in the hṽr ṽk i profile. Incidentally, for the biasing phase the
parallel Mach number decreases across the LCFS whereas the parallel
Reynolds stress changes from positive inside the LCFS to negative just
outside it. This renders a change in the sign of the production term
Pk = −hṽr M̃k i∂r Mk from positive to negative as reported in [36] for
the TJ-II’s naturally occurring shear layer. In other words, the turbulent
parallel momentum flux hṽr M̃k i acts in the sense of the collisional viscous flux (∝ −∂r Mk ) inside the LCFS (Pk > 0) whereas it counteracts
it from the near SOL (Pk < 0).
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Figure 28: Cross correlation curves of the fluctuating components of the radial and parallel velocity (blue- before biasing, red- during biasing), with radial velocity from probe 1 (left column) and probe 2
(right column) –see Fig.27 for a probe diagram.
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However, it should be noted that the shot-to-shot procedure can
introduce small deviations in the profile shapes.
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To estimate the importance of the biasing-induced increment of ∂r hṽr M̃k i
in the parallel flow balance, it can be compared with the increment of
the friction term −µ∆Mk , where the friction coefficient is approximated by the inverse flow damping time, µ ∼ τd−1 . This decay time
has been measured in electric potential relaxation experiments, and
found to be of the order of (10-50)µs [66, 3]. Fitting the relaxation time
of the parallel flow after turning off the biasing is less conclusive than
the study performed in [66] (which strictly applies only to perpendicular flows), but the order of magnitude is found to be alike. Using this
estimate, we obtain −µ∆Mk ∼ −(10-50)−1 µs−1 × 0.3cs = −(3-0.6) ×
·cs
= −2 × 104 cs /s.
104 cs /s, to be compared with ∂r hṽr M̃k i ∼ −200m/s
10−2 m
We emphasize that this order of magnitude comparison is not meant to
explain the observed changes in the parallel rotation profiles (Fig. 29),
since multiple mechanisms can be involved. Nevertheless, it indicates
that parallel turbulence-related forces can affect parallel dynamics in
the plasma boundary region.

One of these mechanisms can certainly be the Pfrisch-Schlüter coupling of perpendicular and parallel stationary velocities through the
~ = 0. The non-zero divergence of the perpendicular
condition ∇ · V
velocity (i.e. here mainly the E × B drift), is compensated by parallel
mass flows. This effect is possibly important in the TJ-II geometry with
a noticeably large geodesic curvature (. 5m−1 ) of the field lines. Nevertheless, the three dimensional structure of the fields and the strong
parallel ripple in TJ-II prevent the extraction of simple analytical approximations to the P-S parallel flows as those obtained for tokamaks.
7.4

conclusions

Applying a radial electric field generated by external biasing was seen
to have a strong impact on the parallel Mach number profile in the
edge of the TJ-II stellarator. Changes of ∆Mk ≈ 0.3 were reported at
interior positions (ρ = 0.8 − 0.95) whereas the parallel mass flow remained unchanged in the SOL. The parallel Reynolds stress hṽr M̃k i
was measured at different radial locations in the SOL/edge transition
region. The effect of the increased radial electric field shear on the radial profiles during an improved confinement regime due to external
basing was investigated. A reduction of the parallel Reynolds stress
component as a result of the lower turbulence level was observed.
However, the ’phase coherence’ between the fluctuations was strongly
enhanced inside the plasma, generating a gradient in hṽr M̃k i, of a magnitude comparable to the observed change in the friction term. This
order of magnitude comparison of local measurements suggests that
the turbulence driven momentum flux (via Reynolds stress) should
be taken into account when considering the parallel momentum balance equation, particularly in high electric field shear regimes, such
as those studied in the H-mode momentum propagation experiments
performed in Alcator C-Mod [70]. The results presented in this study
show the dual role of sheared E × B flows as a fluctuation stabilising
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term as well as an agent affecting the parallel momentum balance via
turbulence modification.

8

O B S E R VAT I O N O F E L E C T R O N I N T E R N A L
T R A N S P O RT B A R R I E R A N D Q U A S I - C O H E R E N T
O S C I L L AT I O N S I N T H E T J - I I S T E L L A R AT O R .

The contents of this chapter has been published in [26].
letter to the editor
The evolution of core quasi-coherent modes has been investigated during the formation of electron internal transport barriers (e-ITB) in the
TJ-II stellarator. These modes have been characterized using heavy ion
beam probe and electron cyclotron emission diagnostics. The quasicoherent mode evolves during the formation/annihilation of the e-ITB
and vanishes as the transport barrier is fully developed. These observations can be interpreted in terms of the influence of sheared flows in
the stability of quasi-coherent modes.
Electron internal transport barriers are commonly observed in electron cyclotron heated (ECH) plasmas in stellarator devices such as
CHS [29], W7-AS [81], LHD [76] and TJ-II [27, 15]. At a high ECH heating power density, electron temperature profiles are centrally peaked
and core electron heat confinement is improved [29, 81, 76, 27, 15].
In addition, a large radial electric field shear is measured [29, 81, 27]
accompanied by a reduction of fluctuations [29]. Most of these experimental results support the hypothesis that the mechanism for barrier
formation is linked to a bifurcation of the radial electric field Er while
the subsequent reduction of turbulence is due to a sheared Er × B flow
generated by the Er shear. A comparative study of these transport barriers has been reported in [30] and a topical review has been published
[31]. In addition, the influence of the magnetic topology on e-ITB formation has been experimentally studied in TJ-II and LHD. In TJ-II, a
configuration scan (changing the rotational transform) has shown that
the presence of a low order rational surface (m = 3/n = 2) close to
the plasma core (within the ECH power deposition zone) triggers the
e-ITB formation [27]. As it has been discussed in [15], the key element
to improve heat confinement is a locally strong positive electric field,
which is the result of a synergistic effect between enhanced electron
heat fluxes through radial positions around low order rational surfaces
and pump out mechanisms in the heat deposition zone. In some tokamaks, the formation of e-ITB is also affected by the presence of rational
surfaces in the q-profile, especially for input powers close to the threshold power [35, 90]. At higher heating powers the formation of e-ITBs
is less sensitive to rational surfaces in the q-profile, suggesting that the
rational surface modifies the power threshold for barrier formation.
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A recent improvement in the signal to noise ratio of the Heavy Ion
Beam Probe (HIBP) system has allowed the characterization of the radial structure of plasma modes that appear during the e-ITB formation
in the core region of the TJ-II stellarator. The HIBP system installed at
TJ-II uses a Cs+ ion beam with beam energy of up to 200keV [57, 64].
HIBP measurements are obtained with a temporal resolution of 10µs
and a spatial resolution of about 1cm. By sweeping the primary beam,
the plasma potential profile can be measured across the whole TJ-II
plasma cross-section (−1 < ρ < 1) with a repetition rate of a few
milliseconds. Simultaneously, the profile of the secondary Cs++ beam
intensity (beam current) is measured. Due to the relatively low plasma
densities involved in these experiments (line-averaged plasma densities: (0.5 − 1) × 1019 m−3 ), the beam current can be considered to be
proportional to the plasma electronic density in the interaction volume.
In TJ-II, the formation of an e-ITB is triggered by positioning a low
order rational surface close to the plasma core region. The control of
the low order rational surfaces within the rotational transform profile
is possible since TJ-II has very low magnetic shear and high flexibility
with regard to the magnetic configuration. Experimentally, a rational
surface can be positioned in the plasma core region by selecting the appropriate magnetic configuration. In addition, the rotational transform
profile can be modified dynamically during the discharge by inducing
an ohmic current [9]. Numerous experiments show that, despite the
uncertainties in the determination of the rotational transform modification due to the plasma current, the rational surface should overlap
the ECH power deposition profile (|ρ| ≈ 0.2 − 0.3) for the development
of the e-ITB [27, 15].
During the e-ITB formation, the plasma potential increases in the
plasma core region (|ρ| < 0.3), substantially increasing the radial
electric field, while it remains almost unchanged at outer radii. The
electron temperature as measured by the electron cyclotron emission
(ECE) diagnostic [21] also increases in the plasma core region. The increase in the central temperature depends on the plasma density and
ranges from 40% at low densities hne i ≈ 0.5 × 1019 m−3 (central temperature increases from ≈ 1 to ≈ 1.4 keV) to 20% at higher densities
hne i ≈ 0.8 × 1019 m−3 (from ≈ 0.7 to ≈ 0.85 keV). Measurements of the
HIBP beam current indicate that, at the transition, as the plasma potential and electron temperature increase in the plasma core, the plasma
density profile change to a slightly more hollow profile.
Quasi-coherent modes with frequencies close to 20kHz have been
identified in the HIBP profiles during the development of e-ITB. These
modes are clearly observed in the beam current and, marginally, in the
plasma potential. Figure 32a shows the radial profiles of the plasma
potential and total beam current measured by HIBP in a magnetic configuration having the rational surface 3/2 close to the plasma core
(|ρ| = 0.2 − 0.3). The profiles are measured at two different time intervals during the discharge. The electron temperature profiles are
shown in figure 33 and the frequency spectra of the HIBP signals are
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Figure 32: (a) Radial profiles of the plasma potential and beam current measured by the HIBP at two different times of the discharge: without
(black, time 1115ms) and with e-ITB (red, time 1075ms); Spectra of
the HIBP beam current and plasma potential at time 1115ms (b)
and at time 1075ms (c)
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Figure 33: Electron temperature profiles measured by ECE at two different
times of the discharge: without (black, time 1115 ms) and with
e-ITB (red, time 1075 ms)

displayed in figure 32b and 32c. The quasi-coherent mode is clearly
seen in the secondary beam current signal measured at 1115ms and
appears also, thought not so clearly, in the plasma potential. The mode
appears in the plasma region where core Er × B sheared flows develop
at the e-ITB formation. This can be seen in the plasma potential profile
measured at 1075ms. In agreement with previous results, the radial
electric field increases (in the range 5kV/m) during the formation of
the e-ITB [27]. These quasi-coherent modes are only observed during
the formation of the e-ITB, once the barrier is established the mode
amplitude is strongly reduced and often disappears
Experimentally it is observed that the amplitude and the radial extension of the coherent modes evolve along a single discharge. Therefore, to properly characterize these modes, it is necessary to carry out
HIBP measurements keeping fixed the observation radius during the
discharge and then scanning the observation radius on a shot to shot
basis. These quasi-coherent modes are also observable in the electron
temperature signals if their frequency lies within the video bandwidth
of the low-pass filters (set to 20kHz) used in the ECE diagnostic. The
combination of measurements obtained using both diagnostics allow
us to conclude that, the quasi-coherent modes are found to be localized within the radial range ρ = 0.0 − 0.4, with maximum amplitude
around ρ = 0.25 − 0.35, close to the foot of the e-ITB.
Frequently, the modes are observed in discharges in which the e-ITB
has an intermittent behavior. The mode starts growing simultaneously
with the decay in the central temperature, reaching the maximum amplitude and radial extension when the barrier is finally lost. Then when
the barrier recovers the mode vanishes. Figure 34a shows the time evolution of the ECE channels during a discharge in which the e-ITB exhibits an intermittent character. Their spectograms are shown in figure
34b. The mode appears first in the ECE channel located at ρ ≈ −0.35
and then it grows and expands to the adjacent channels, the maximum
amplitude occurs for ρ ≈ −0.24. The development of this mode is also
accompanied by a flattening in the electron temperature profile. Figure
35 displays the electron temperature profile at three different instants
during the discharge (marked with vertical lines in figure 35). HIBP
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Figure 34: (a) Time evolution of the electron temperature in a plasma in which
the e-ITB has an intermittent character during the first part of the
discharge. (b) Spectra of the temperature signals at four different
radii.
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Figure 35: Electron temperature profiles at the three different time instants
marked with vertical lines in figure 34a.

measurements at discrete radial positions have been obtained in similar discharges. The maximum amplitude of the coherent mode in the
beam current is observed around |ρ| ≈ 0.3. This radial location corresponds to the foot of the e-ITB. Figure 36 shows the frequency spectra
of the beam current measured at three different radial positions (a)
ρ ≈ −0.1, (b) ρ ≈ −0.3 and (c) ρ ≈ −0.5 in three discharges with intermittent e-ITB. These measurements show that the amplitude of the
mode is high at ρ ≈ −0.3 and decreases at internal and external radial
positions. A comparison between the ECE and the HIBP measurements
is shows in figure 37. Once the quasi-coherent mode is developed the
ECE and HIPB measurements show a strong correlation.
It is worth mentioning that though the presence of a low order rational surface close to the plasma core is a necessary condition for triggering the e-ITB formation in these experiments, the development of
a quasi-coherent mode is not essential for the e-ITB formation. Many
examples exist in which no coherent oscillation accompanies the formation of e-ITBs.
MHD instabilities may be a possible cause of this quasi-coherent
mode. In that case, the radial electric field developed at the e-ITB
formation may act as a stabilizing mechanism against the pressure
gradient that should act as a free energy source. For the experiments
described here, the quasi-coherent mode does not appear in the magnetic fluctuations measured by Mirnov coils. However, experiments
performed positioning the low order rational at more external radii
(ρ ≈ 0.6 − 0.8) show a clear correlation between coherent oscillations
measured by HIBP and Mirnov coils [58]. This difference could be a
consequence of the localization of the mode at the plasma core what
may prevent its detection by the Mirnov coils. Alternatively, the lack
of magnetic oscillations could also be an indication of a different mode
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Figure 36: Spectra of the total beam current measured by HIBP at three different radial locations, ρ ≈ −0.1, −0.3 and −0.5, in three similar discharges. To compare the amplitude of the mode at different radii,
the colors palette used in the contours is the same for the three
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Figure 37: Comparison HIBP and ECE signals: a) ECE evolution and spectrum at ρ ≈ −0.24, b) HIBP beam current evolution and spectrum
at ρ ≈ −0.3 and c) coherence between them. (The HIBP beam
current spectrum corresponds to the spectrum shown in the mid
panel of figure 36 but now it is represented using different colors
palette).

origin. Taking into account the bifurcation characteristics of the e-ITB
formation, there could be a critical point in which the competition between different mechanisms involved in the process may produce an
oscillatory behaviour.

Part III
CONCLUSIONS
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S U M M A RY A N D C O N C L U S I O N S

The concept of toroidal magnetic fusion involves the confinement of
a plasma in a magnetic topology consisting of nested tori which insulates the hot plasma centre from the cold edge in interaction with the
physical limiting components. Hence the sustainment of strong gradients in the thermodynamic variables (n, T, p) is instrinsic to the idea
of magnetic confinement. These gradients act as free energy sources
for instabilities that readily evolve into a turbulent state. The crossfield transport of energy and particles in magnetically confined fusion
plasmas is enhanced by this turbulence which ultimately limits the
performance of present plasma confinement devices and future fusion
reactors.
Enhanced confinement regimes and the associated transport barriers are known to be intimately related to the presence of localised
strongly sheared E × B flows that damp or even quench turbulence by
reducing the correlation length of the eddies as well as their characteristic lifetime, i.e. the so-called shear decorrelation mechanism [10, 84].
The build-up of these flows patterns is not fully understood. Whereas
neoclassical theory predictions agree well with some poloidal rotation measurements [74], it shows important discrepancies in transport
barriers [18, 78] and does not explain by itself the transition to improved confinement regimes. Likewise, the recently observed spontaneous toroidal rotation [70] has challenged our understanding of momentum transport in fusion plasmas.
Turbulence participates in the transport of mean momentum through
the Reynolds stress nhũi ũ j i and particle momentum transport Ui hñũ j i
and has been considered as a possible mechanism for mean flow generation [23, 14]. Therefore small scale turbulence and large scale flows
form a coupled dynamic system in complex interaction. Turbulence
can generate large-scale flows which in turn can reduce turbulence
levels by shear decorrelation but can also ‘tilt eddies’ increasing the
turbulence anisotropy and the inverse energy transfer (i.e. from turbulent small scales to mean flows).
The focus of this thesis is on the interplay between large scale flows
and turbulence in fusion plasmas. A set of experimental investigations aimed at improving our understanding of this interplay was conducted and is presented in the part II of this Thesis. Here we summarise the main results and conclusions.
Two dimensional plasma edge turbulence was investigated by means
of fast imaging in the visible range. Both radial and poloidal dynamics have been investigated. The velocities of the observed structures
are vr ∼ 1 km/s and vθ ∼ 1 − 5 km/s. A continuous wavelet-based
method was used to localize and study the geometry of spatially co-
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herent turbulent structures (scale, aspect ratio and orientation angle) in
different plasma regimes. The impact of the naturally occurring shearlayer, self-organized near marginal stability, on TJ-II edge turbulent
structures was studied. Experimental results show a reduction in the
angular dispersion of k ∼ 1.2 cm−1 blobs as the shear layer is established in the boundary, as well as a slight though noticeable shift of
the aspect ratio histogram toward higher values. A similar effect is
observed in NSTX image data in the transition from L to H mode plasmas. These results are consistent with the picture of the shear layer
stretching blobs as well as ordering them. Secondly the effect of external biasing on the relative populations of blobs of three different
scales was studied. A reduction in all the analysed scales is observed
during the biasing phase. Some indications are found suggesting that
the turbulence reduction could be scale-selective. The plasma poloidal
flow inversion when going through the TJ-II critical density for shear
layer formation was captured. The flow reversal was seen to take a few
turbulence autocorrelation times (∼ 50µs).
A fast camera system was designed and implemented in the Joint
European Tokamak (JET) to study large-scale instabilities (ELMs, disruptions) and plasma wall interaction. First data revealed interesting
new perspectives of JET plasmas. Several physical phenomena including particle expulsion from the wall, ELM filamentation, MARFE formation and disruptions have been observed. The apparent toroidal
rotation velocities of the structures during ELMs and disruptions were
estimated from the images to be of the order of 10 km/s. ELMs can be
seen to reach the first wall less than 40 µs after the start of the light
rise giving, for a typical wall clearance of 40 mm, radial propagation
velocities in the range of 1 km/s. More extensive analysis of the individual phenomena, here only briefly described, will be carried out in
future studies. Investigations of the pellet-plasma interaction will also
be studied by making use of the camera system capabilities. The study
of lower intensity phenomena, such as the continuous plasma wall interaction and the generation and dynamics of impurities, requires a
higher signal level. Image intensifiers are being tested for possible installation the JET fast imaging system, which would allow the use of
interference filters so as to investigate these and other phenomena. Image analysis techniques for optical flow estimation, spatial-temporal
structure detection and IR/visible data merging are under development.
Parallel flow and parallel Reynolds stress were studied by means of
combined Mach/Langmuir probes. In particular the effect of an externally applied radial electric field was observed to have a strong effect
on both the parallel mass flow and on the coherence of radial-parallel
velocity fluctuations. Changes of ∆Mk ≈ 0.3 were reported at interior
positions (ρ = 0.8 − 0.95) whereas the parallel mass flow remained
unchanged in the SOL. The parallel Reynolds stress hṽr M̃k i was measured at different radial locations in the SOL/edge transition region.
The effect of the increased radial electric field shear on the radial profiles during an improved confinement regime due to external basing
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was investigated. A reduction of the parallel Reynolds stress component as a result of the lower turbulence level was observed. However,
the ’phase coherence’ between the fluctuations was strongly enhanced
inside the plasma, generating a gradient in hṽr M̃k i, of a magnitude
comparable to the observed change in the friction term. This order of
magnitude comparison of local measurements suggests that the turbulence driven momentum flux (via Reynolds stress) should be taken into
account when considering the parallel momentum balance equation,
particularly in high electric field shear regimes, such as those studied
in the H-mode momentum propagation experiments performed in Alcator C-Mod [70]. The results presented show the dual role of sheared
E × B flows as a fluctuation stabilising term as well as an agent affecting the parallel momentum balance via turbulence modification.
The interaction of E × B flows in those internal transport barrier associated with a rational surface which exhobit quasi-coherent modes
was observed to have a predator-prey type of dynamics. The full development of the electron temperature transport barrier is accompanied
by the build-up of an electric potential gradient and the suppression of
the mode (observed in the ECE electron temperature traces). The mode
re-appears when the transport barrier relaxes. This suggests that the
increased electron transport caused by the mode induces a compensating electric field that in turn stabilises the mode.
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10.1

introducción: el problema del transporte en confinamiento magnético de plasmas calientes. contexto
de la tesis.

El problema de la fusión nuclear para para aplicaciones civiles ha
recibido la atención de la comunidad científica desde los años 50. La
fusión de dos nucleos ligeros para formar un nucleo más pesado libera
nucleones energéticos que pueden usarse para producción de energía.
En este sentido la obtención de energía de fusión es similar a la del
proceso inverso, i.e. la fisión de un núcleo pesado para dar otros más
ligeros y nucleones rápidos. Sin embargo la fusión nuclear involucra
especies no radiactivas (o sólo ‘debilmente’ radiactivas como el tritio)
y no produce reacciones en cadena, lo cual hace el proceso más seguro.
Para fusionar dos nucleos cargados positivamente éstos deben tener
la energía suficiente para vencer la repulsión coulombiana. La sección
eficaz de las reacciones de fusión típicas (ver (1.1)) es significativa sólo
a temperaturas del orden de los 10 keV. A estas temperaturas, las especies atómicas se encuentran totalmente inonizados formando un gas
de particulas cargadas Por otro lado, para que estas reacciones ocurrana a un ritmo suficiente para producir más energía de la necesaria
para calentar el plasma, la densidad de partículas y el tiempo que
las partículas calientes permanencen en el volumen de confinamiento
deben ser ‘sufientemente’ altos.
Una de las lineas principales de la investigación en Fusión Nuclear
es la basada en el confinamiento magnético de plasmas. La idea básica
de este modo de confinamiento consiste en embeber el gas de partículas cargadas en un campo magnético intenso que inhibe el tranporte en
dirección perpendicular al campo dejando a las partículas moverse libremente en dirección paralela. Para que el confinamiento sea efectivo
las lineas han de cerrarse sobre sí mismas formando un topología magnética de toros anidados. Las superficies generadas por las lineas de
campo se denominan superficies de flujo, puesto que en ellas el flujo
magnético (toroidal y poloidal) es constante. Los campos termodinámicos y el potencial eléctrico son también aproximadamente constantes
en superficies de flujo, puesto que la alta conductividad paralela tiende
rápidamente a compensar diferencias de estos campos en puntos de la
superficie. La figura 1 muestra una linea de campo magnético sobre
la última superficie de flujo cerrada en el dispositivo de fusión tipo
stellarator TJ-II [1].
Esta estructura magnética confina el gas caliente de partículas cargadas, idealmente, un tiempo suficiente para que los iones se fusionen, aislando el centro del plasma caliente y relativamente denso de
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los límites físicos del dispositivo de confinamento, es decir, de las
paredes. La existencia de fuertes gradientes en las variables termodinámicas es, por tanto, inerente al concepto de fusión nuclear por
confinamiento magnético. Crucialmente, los gradientes actúan como
fuentes de energía libre de modos e inestabilidades en el plasma que
habiatualmente saturan en un espectro continuo de fluctuaciones desembocando en un estado turbulento. La turbulencia en plasmas confinados magnéticamente es considerada como la causa principal de
degradación del confinamiento, elevando las difusividades de partículas y energía en uno o dos órdenes de magnitud respecto de las estimaciones de transporte colisional en la topología magnética toroidal
(i.e. de la Teoría Neoclásica).
El problema del tranporte anómalo (ahora atribuído a la presencia
de turbulencia) se postuló durante años como un serio límite al avance
del concepto de confinamiento magnético para fusión nuclear. En 1980,
el grupo del Tokamak ASDEX descubrió un modo de confinamiento
mejorado que se dió en llamar modo H (por High confinement), al
que se accedió aumentado la potencia de calentamiento por encima de
cierto valor crítico1 . El modo H está asociado a la aparición de una
barrera de transporte en el borde del dispositivo que consiste en una
capa radial de unos centímetros de espesor en la que las difusividades
efectivas se reducen a niveles próximos a las estimaciones colisionales. En esta localización radial se mantienen fuertes gradientes de
presión de modo que el contenido en energía del plasma más interno
aumenta al aumentar su tiempo de confinamiento. La barrera de transporte se caracterizó por tener un fuerte campo electríco local asociado
produciendo un perfil de rotación perpendicular E × B con una fuerte
variación espacial o cizalla. Tras estos descubrimientos la comunidad
teórica propuso explicaciones para las obseservaciones experimentales.
Biglari, Diamond y Terry en su artículo de 1989 introdujeron la idea,
ampliamente aceptada hoy por la comunidad, de la decorrelación de
la turbulencia en plasmas por la cizalla en la rotación perpendicular
[10]. Sin embargo, aún hoy en día, el origen o la generación del perfil de campo eléctrico en las barreras de transporte espera una explicación fundamental. Se han propuesto diferentes mecanismos como
la pérdida de iones en órbitas externas, el mecanismo de Stringer en
presencia de transporte o fuentes con fuerte dependencia poloidal o el
estrés de Reynolds de la turbulencia hidrodinámica.
En este punto llamamos la atención del lector sobre el hecho de
que la turbulencia, siendo el origen del problema de la degradación
del confinamiento en plasmas confinados magnéticamente, podría ser
también la solución al mismo. Es decir, el estado turbulento de intenso tranporte puede saturar en un patrón de flujo ordenado que
inhibe el crecimiento de nuevas inestabilidades. El tensor de Reynolds
Rij = hũi ũ j i es la correlación de las fluctuaciones de las distintas componentes del campo de velocidad de un fluido y a través de este término la turbulencia participa de la evolución y saturación del perfil de
1 Después se caracterizó el umbral de potencia descubriendo dependencias con el
campo magnético B, densidad y otras variables
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las velocidades promedio. Promediando la ecuación de Navier Stokes
se obtiene

(∂t + Uj ∂ j )Ui = −∂i P + ν∂2 Ui − ∂ j Rij ,

(10.1)

donde U = hui es el campo de velocidad promedio (ver la sección
2.4 para más detalles). Por tanto la variación espacial (i.e. la inhomogeneidad) del tensor de Reynolds (o de la anisotropía de la turbulencia)
participa en el equilibrio del campo de velocidad promedio. Pictóricamente, el tensor de Reynolds puede imaginarse como una deformación respecto a circularidad de las estructuras o vórtices turbulentos.
La ecuación anterior nos dice que la turbulencia puede jugar un papel si esta deformación, elipticidad o inclinación de los vórtices varía
espacialmente (en nuestro problema, típicamente en dirección radial).
Este trabajo de tesis se centra en el estudio experimental de la interrelación entre la turbulencia, los campos eléctricos y los flujos medios
en distintos dispositivos de confinamiento magnético de plasmas. Particularmente en el stellarator TJ-II (Madrid, España), el tokamak esférico NSTX (Princeton, US) y el tokamak europeo JET (Abingdon,
UK).
10.2

estructura de la tesis

La tesis se estructura en tres partes. La primera parte consite en el
material introductorio, descripción de diagnósticos y de las técnicas
de análisis de datos. Los capítulos 1 y 2 introducen el problema de
la fusión nuclear por confinamiento magnético y la generación de flujos de masa en plasmas (como los asociados a las barreras de transporte) y el formalismo del plasma-fluido usado comunmente para su
tratamiento. Asimiso se discute el papel de la turbulencia en el transporte de partículas, energía y momento.
El capítulo 3 describe los principales diagnósticos usados en el desarrollo de esta Tesis: La sonda de inoes pesados que se emplea para
medir potenical eléctrico y densidad electrónica en puntos internos
del plasma, las sondas de Mach y de Langmiur, para medida de flujos de masa paralelos al campo magnético y del potencial flotante y la
densidad con resoluciones temporales de µs y la cámara rápida de espectro visible, que permite obtener imágenes de radiación visible con
resoluciones temporales de decenas de µs.
El capítulo 4 presenta las técnicas de análisis más relevantes y novedosas empleadas en el análisis de las imágenes de cámara rápida. Se
introduce y evalua un método basado en Waveletes Continuos Direccionales en dos dimensiones para la extracción y caracterización de
estructuras turbulentas. También se discuten otras técnicas de análisis
de imágenes como la estimación diferencial del flujo óptico en secuencias de imágenes y la representación Escala-Espacio para la extracción
multiescala de características tales como bordes, esqueletos, esquinas,
etc.
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La segunda parte consta de cuatro capítulos que constituyen el cuerpo
fundamental y la contribución de esta Tesis. Cada capítulo corresponde
a una publicación o contribución a una conferencia internacional que
se han adaptado mínimamente para su inclusión en esta memoria. La
tercera parte recoje el resumen y las conclusiones de estos trabajos que
se reproducen a continuación.
10.3
10.3.1

resultados y conclusiones
Estructura bidimensional de la turbulencia del borde del plasma en
presencia de flujos con cizalla en el stellarator TJ-II y el esferomak
NSTX

La grabación rápida de la luz visible emitida desde el borde del plasma
se usó para estudiar la estructura bidimensional de la turbulencia,
obteniéndose estimaciones de velocidad radial vr ∼ 1 km/s y poloidal
vθ ∼ 1 − 5 km/s. Mediante análisis continuo de wavelets se localizaron
y caracterizaron las estructuras turbulentas visibles en las imágenes,
extrayéndose su escala, relación de aspecto y ángulo de orientación en
distintos regímenes.
En primer lugar se analizó el efecto de la capa de cizalladura ‘natural’ que se observa en el borde del dispositivo TJ-II por encima de una
densidad umbral (ver [67] y referencias). Los resultados muestran una
reducción en la dispersión angular de las estructuras de escala k ∼ 1.2
cm−1 a medida que se establece la capa de cizalladura. El histograma
de relación de aspecto se desplaza ligera pero sistemáticamente hacia valores mayores. Los resultados se comparan con las medidas del
esferomak NSTX en torno a la transición L-H, observándose efectos
similares aunque más acusados, como cabría esperar por la mayor intensidad de la capa de cizalladura en el modo H. Estos resultados empíricos indican que los vórtices turbulentos se ordenan y se elongan en
presencia de una capa de cizalladura. El aumento de la elongación de
las estructuras puede interpretarse como un aumento en la coherencia
de las fluctuaciones en las componentes radial y perpendicular de la
velocidad, i.e de la compoenente hṽr ṽθ i del tensor de Reynolds. Esta
observación es consitente con las medidas de sondas de Langmuir en
TJ-II [45]. La localización radial de la luz emitida en el borde favorece
la localización de las estructuras en la dirección poloidal, de manera
que la ordenación de las estructuras puede interpretarse como una reducción en el término ∂θ hṽr ṽθ i. Sin embrago la resolución radial no
nos permite decir nada acerca de las variaciones radiales de esta cantidad ∂r hṽr ṽθ i (i.e. la ‘fuerza’ turbulenta que participa en el balance de
momento perpendicular).
La observación de estos efectos en presencia de capas de cizalladura
no permite establecer causalidades. La turbulencia, via el aumento en
el tensor de Reynolds, podría estar estimulando la rotación perpendicular. Asimismo, el aumento en la ordenación y la elongación de las
estructuras podría ser producida por la presencia de una flujo medio.

10.3 resultados y conclusiones

A continuación se estudió el efecto de la aplicación de un campo
eléctrico externo mediante la inserción de un electrodo en el borde del
plasma. La población de estructuras turbulentas se redujo en todas las
escalas. Aunque los resultados no son conluyentes, se encontraron evidencias de que esta reducción podría ser selectiva en escalas afectando
particularmente a las estructuras de escala intermedia k ∼ 1.4 cm−1
frente a las otras analizadas k ∼ 0.7, 2.8 cm−1 .
Para estudiar las estructuras en la Scrape-off Layer es necesario el
uso de cámaras intensificadas o de inyección de activa de gas. Observaciones de la distribución poloidal de las estructuras indican que ésta
es poloidalmente asimétrica.
10.3.2

Instalación de Cámara Rápida en el tokamak europeo JET: Primeras
observaciones

Se presentaron las primeras medidas como resultado de la instalación
de una cámara rápida de espectro visible en el tokamak europeo JET.
Varios fenómenos físicos han sido observados tales como expulsión de
partículas desde los limitadores poloidales exteriores, filamentos de
ELMs y disrupciones. La velocidad aparente de rotación toroidal de
estructuras durante ELMs y disrupciones se estimó en unos 10 km/s.
Asimismo, se estimó la velocidad de propagación radial de ELMs en
100 − 1000 m/s calculada como la distancia separatriz/limitador dividida por el tiempo de vuelo. Estudios más detallados de fenómenos
particulares serán objeto de futuras publicaciones. Se encuentran entre
los objetivos del proyecto el estudio de la ablación de pellets para alimentación del plasma y la temporización de ELMs mediante inyección
de pellets.
El estudio de fenómenos de menor intensidad tales como la erosión
continua de la primera pared o de las placas del divertor requiere de
la intensificación de la señal y la instalación de filtros de impurezas.
Para ello está prevista la instalación de intensificadores de imagen en
el sistema de cámara rápida de JET, que están siendo probados en el
dispositivo TJ-II de CIEMAT. La aplicación de las técnicas de análisis
de imágenes descritas en el capítulo 4 se encuentra asimismo en proceso.
10.3.3

Efecto de la polarización externa en el tensor de Reynolds Paralelo en
el stellarator TJ-II

Se estudió el efecto de la aplicación de un campo radial externo sobre los perfiles de número de Mach parallelo Mk = vk /cs mediante
el uso de una sonda combinada de Mach/Langmuir. Dichos perfiles
cambian sustacialmente con la aplicación de la polarización (fig. 29),
con variaciones del orden de Mk ∼ 0.3 respecto del los perfiles medidos antes de polarizar el electrodo. La velocidad en el borde ρ & 1
apenas se modifica (los efectos de la polarización tampoco modifican
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el potencial flotante en esas posiciones) y se establece un gradiente de
velocidad paralela y perpendicular en torno a la última superficie de
flujo cerrada.
Los efectos sobre la turbulencia son así mismo muy notables. En
primer lugar se observa la bien conocida reducción de fluctuaciones
que se explica por el mecanismo de decorrelación de los flujos con cizalla (ver [10, 67]). El tensor de Reynolds paralelo hṽr M̃k i disminuye debido a la reducción de turbulencia (fig. 31), sin embargo, la coherencia
de las fluctuaciones en las dos componentes de la velocidad aumenta
notablemente hacia las posiciones interiores, manteniendo los valores
del tensor de Reynolds. Este efecto de la polarización sobre la turbulencia se ha observado por primera vez en TJ-II. La variación radial del
d
tensor de Reynolds dr
hṽr M̃k i entre ρ = 0.8 − 1 arroja valores comparables a la variación en el término de fricción −µ∆Mk . Si bien diversos
factores pueden estar implicados en las variaciones observadas en el
perfíl de Mk , esta comparación de orden de magnitud sugiere que la
turbulecia puede influir sustancialmente en el transporte de momento
paralelo en el borde de un plasma confinado en un dispositivo toroidal.
10.3.4

Observación de Modos Cuasicoherentes y Barreras de Transporte en
el stellarator TJ-II

Se estudió la evolución de modos cuasicoherentes durante la formación de barreras de tranporte internas (eITB) en el stellarator TJ-II. En
TJ-II la aparición de las eITBs require del posicionamiento de una superficie racional de bajo orden en la zona central del plasma. La aparición de un campo radial intenso se cree debida al efecto combinado del
aumento del transporte electrónico alrededor de la racional y el efecto
de bombeo del calentamiento ECR. En estos experimentos se observa
la aparición de un modo quasicoherente en la zona de la creación de
la eITB. El modo es observable en la densidad y temperatura electrónicas, así como en el potencial eléctrico (fig. 32b, 34a). Si bien las bobinas
de Mirnov no registran actividad magnética, no se puede descartar su
existencia puesto que el modo está localizado en posiciones interiores.
El modo cuasicoherente y la eITB interaccionan dinámicamente (fig.
34a, 35). El modo se observa durante la formación y desaparición de la
barrera de transporte y desaparece cuando la barrera está plenamente
formada. Estas observaciones sugieren que el campo eléctrico y la cizalla E × B asociada a la barrera de tranporte estabiliza el modo. Éste, a
su vez, puede contribuir a la formación del campo eléctrico rompiendo la ambipolaridad del transporte. Estos dos efectos combinados
pueden producir la dinámica tipo predador-presa que se observa en
estos experimentos.
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