Coupling of SOL density profiles with edge plasma
parameters in the TJ-II stellarator

Master Thesis
presented by
Ting Wu

Thesis Promoter
First Promoter
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Abstract
This thesis addresses the question of whether anomalous transport driven at
the plasma edge influences the scrape-off layer (SOL) width in the TJ-II Stellarator. It has been found that the SOL density profile is affected by the structure of edge radial electric fields and fluctuations. Furthermore, the density
profile of the SOL increases with ECRH heating power and decreases in NBI
plasma regimes with reduced level of edge plasma turbulence. It is concluded
that SOL profiles are coupled with edge plasma parameters and consequently
optimizing SOL power exhaust conditions requires considering transport in the
edge region.
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Chapter 1
Introduction
1.1

Introduction to fusion and plasmas

The 2015 United Nations Climate Change Conference was held in Paris with
the objective of achieving a binding and global agreement on climate from all
nations of the world. This conference was a great challenge to find solutions
on the human quest for sustainable energy as global endeavour.
The new Paris Agreement declares an ambition to hold the global average
temperature rise to well below 2 ◦ C above pre-industrial levels by reducing
greenhouse gas emissions, implements a 5-year cycle of reviews of national
plans and confirms at least 100 billion dollar per year to help those countries
most affected by climate changes. The 2 ◦ C limit would require global greenhouse gas pollution to peak in 2020 and zero emissions (i.e. a balance between
anthropogenic emissions by sinks of greenhouse gases) by 2050. This goal on
global emission reductions will only be achieved if all nations in the world assume their responsibility for mitigating CO2 emissions as stated in the Paris
Agreement [1].
The energy problem, in a world presently dominated by the use of fossil
fuels, is a global endeavour and new energy strategies require technologies for
energy production, conversion, transmission and savings. Elements of solution
by non-fossil energy sources includes a) the impact of replacing conventional
fossil sources using intermittent renewable energy sources, b) the development
of massive energy sources, like nuclear fusion, since the dominance of fossil fuels
must decline, and c) the requirements for fossil power plans and technologies
to reduce CO2 emissions and feasibility of large-scale CO2 storage.
Fusion is virtually an unlimited energy source. Fusion has advantages of
sustainability and security of supply. The fuels of fusion are widely available
and almost unlimited. There is no emission of green gases. It is intrinsically
safe since there is no chain reaction. It is environmentally responsible as the
radioactivity of materials in the reactor chamber can decay in a few tens of
years and can be recycled into a new reactor at about 100 year after it shutdown [2].
Fusion of light nuclei is the energy source in the sun. The easiest way
5
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to perform in a fusion reactor is the reaction between deuterium (D) and
tritium (T). The D-T reaction requires the lowest temperature, density and
confinement time compared with other reactions.
2
1D

+31 T →42 He +10 n + 17.6M ev

6
3 Li

+10 n →42 He +31 T + 4.8M ev

(1.1)
(1.2)

In the future, a fusion power plant will utilise the deuterium and tritium
as fuels. The fusion reaction (equation 1.1) between them yields a helium
nucleus and a neutron with energy for producing electricity. Deuterium can
be obtained from the sea water and tritium can be produced by the process
in equation 1.2. It has been estimated that the abundant fuels can meet the
world demand of energy for millions of year [2].
Generally speaking, positively charged atomic nuclei repel each other. Only
if they collide fast enough to overcome the repelling force can they fuse. Since
the particle speed corresponds to its temperature, the fusion fuels has to be
heated to as much as 200 million degree Celsius. It is very difficult to achieve
since it is 20 times hotter than the core of the sun. In fact they are ionized
into ions and electrons at this temperature forming a gas of charged particles
plasma. The hot plasma is confined by the magnetic field in order no to touch
the chamber wall. At present, the routine in fusion devices in the world is to
confine the hot plasma in a doughnut shaped chamber.
The tokamak and the stellarator are the two main candidate concepts for
magnetically confining fusion plasmas. The roadmap to a feasible fusion reactor based on the tokamak line is already established, while alternate concepts
exist which may allow for further improvement. In this respect, the stellarator
concept offers a route to a fusion power plant with unique capabilities: steady
state operation, absence of plasma disruptions and high density operation.
Like tokamaks, stellarators are toroidal confining devices but they show two
fundamental differences: the confining magnetic field is generated by external coils and the lack of toroidal symmetry. The history of tokamaks shows
that from the original concept, solutions have converged into a given range
of configurations. However, stellarator diversity has been amplified with the
development of improved concepts [3–5]. The successful start of the scientific
exploitation of W7-X [4, 6] is the first step towards bringing the stellarator to
maturity as foreseen in the European Union roadmap.
The International Thermalnuclear Experimental Reactor (ITER), will be
the largest and most advanced fusion experiment in the world. It aims to
produce a net surplus of fusion energy as designed to inject 50 M W and generate 500 M W , which equals to the capacity of a medium size power plant. In
addition, ITER will also demonstrate the main technologies for fusion power
plant in the future [7].
DEMO will be the important step to a commercial fusion power plant. It
will build mainly on the ITER experience and require breed its own tritium and
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advanced materials to handle the flux of neutrons. It is designed to mark the
very first step of fusion power into the energy market by supplying electricity
to the grid [2].

Figure 1.1: The configuration of ITER [8]

Figure 1.2: W7-X [9]
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1.2

Plasma boundary region

In the fusion boundary, solid materials are the standard solution. However,
they suffer with erosion, material damage, neutron-induced permanent damage
and dust formation. Hence, power exhaust is one of the most critical and
challenging issues for a fusion power plant. So far, there is no solution neither
from the physical nor the technological points of view [10].
To control plasma-wall interaction [11], the plasma boundary is defined by
limiters or divertors. In first generation tokamaks the plasma was kept at a safe
distance from the wall of the vacuum vessel by limiters. There are components
that can resist high heat load and are mounted at the vessel wall. The introduction of the divertor led to a strong improvement in plasma performance.
The divertor principle ensures that the SOL only touches a material surface
(the target plates) at a large distance from the central plasmas. The probability that impurity ions, which are created at the target plates by plasma-wall
interaction (sputtering), diffuse back into the central plasma is lower than in
the limiter case. In addition, innovative plasma divertor configurations (e.g.
snowflake) and liquid metals (e.g. Li, Ga, Sn) are also being considered.

1.3

The Scrape off layer

The region between the Last Closed Flux Surface (LCFS) and the vessel surface
is named as scrape-off layer(SOL). There are limiter SOLs and divertor SOLs,
as shown in figure 1.3 from JET. A feature of this region is that the magnetic
field lines are open, i.e., they end on the target plate or limiter, or at the vessel
wall.

Figure 1.3: SOL in Limitor configuration and divertor configuration in JET
[12].
The 1D isothermal fluid model (shown in figure 1.4) is the simplest model

1.3 The Scrape off layer
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which is capable to reproduce the basic features of SOL in tokamak. The SOL
has been straightened out to a 1D model, neglecting the any ’toroidicity’(the
non-zero value of a/R) and associated neoclassical effects (such as banana orbit
in SOL due to high collisionality in cold plasma) [13].

Figure 1.4: The 1D model of SOL
The typical distance parallel to toroidal magnetic field that a particle has to
travel in the SOL before striking a limiter or target plates is called connection
length (L), which determines the strength of the sink action provided by the
surface since the effective parallel particle
confinement time is given by: τk '
p
L/cs with the sound velocity cs ≈ k(Te + Ti )/mi .
An estimation of the SOL width using a diffusive approximation for the
perpendicular transport is as follows. Γ⊥ ≡ nv⊥ = −Ddn/dr ∼ D⊥ n/λn ,
where Γ⊥ , v⊥ , D⊥ , λn are the perpendicular flux, velocity and diffusivity and
the density e-folding length respectively. One can deduce v⊥ ≈ D⊥ /λn . With
λn = τ⊥ V⊥ , one can obtain τ⊥ = λ2n /D⊥ . If τ⊥ = τk , then the density e-folding
length can be expressed as:
r
λn =

D⊥ L
cs

(1.3)

For example, assume L ∼ 30 m, TLCF S ∼ 100 eV , cs ∼ 105 m/s, D⊥ ∼
1 m2 /s, one can obtain λn ∼ 1 cm.
The essential difference between the limiter SOL and divertor SOL is that
with a limiter the LCFS is in contact with a solid surface, whereas with a divertor the solid surface is removed some distance from the LCFS. The differences
between tokamak and stellarator divertor physics have recently been reviewed
by Feng [14]. Whereas in tokamaks most of the heat flux across the scrape-off
layer is carried to the targets by parallel heat conduction, the perpendicular
transport can in stellarators either be more or less important than the parallel
one.
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Transport and radial electric field

Plasmas with steep gradients in the plasma parameters maintaining by the
strong external drives are far from equilibrium. Coulomb collision is the main
mechanism of relaxation. In toroidal fusion devices, neoclassical transport
theory has described the particle and energy flux, but its results do not agree
with the experimental results in general, which lead to anomalous transport
theory.
It has been widely accepted that heat and particle transport in fusion plasmas is turbulent transport, which is associated with small-scale instabilities
by the gradient of density and temperature profiles in the perpendicular direction. The magnitude of turbulent transport plays a dominant role on the
global confinement properties. Thus, it is one of the key and urgent issues to
understand the mechanism of anomalous transport in fusion devices. [15].
Radial electric fields can produce sheared poloidal flows (vθ ) by Er ×Bφ drift
velocity hence to influence the turbulence by shear decorrelation mechanisms
and modify the induced transport as a consequence. Therefore radial electric
fields is a crucial element to explain transport in fusion plasmas. A strong
gradient of radial electric field will give rise to strong sheared poloidal flows,
which can tear the coherent cellular pattern of the unstable modes. This effect
can be explained with a decorrelation time, which is inversely proportional to
the shearing rate (the radial gradient of sheared poloidal flow ωθ ≡ dvθ /dr =
Bφ dEr /dr), τc ≈ Bφ−1 (dE/dr)−1 . On the other hand, the decorrelation time of
background diffusion can be estimated by τb = L2r /D , where Lr is the radial
scale length of fluctuations and D is the diffusion coefficient. When τc is smaller
than τb , the sheared flow reduces the radial scale (correlation) length of the
fluctuations, and the level of anomalous transport as a result. This mechanism
was proposed to explain the transition from Low Confinement mode (L mode)
to Hign Confinement mode, but now it can be obtained routinely at the plasma
edge and corresponds to the formation of edge transport barriers [15].
The radial electric field can be obtain from the momentum balance equation
in equilibrium state. It is expressed as following:
Er =

1 dPi
− vφ Bθ + vθ Bφ
ni Ze dr

,

(1.4)

i
where the ni is the ion density, Z the atomic number, dP
the pressure gradient,
dr
vφ and vθ the toroidal and poloidal of flow velocity, Bφ and Bθ the toroidal
and poloidal magnetic field.
Since the radial electric field is determined by the pressure gradient as well
as the poloidal and toroidal flows and magnetic field, these parameters control
the turbulent transport by sheared flow. Sheared poloidal flows can reduce the
turbulence level and the resulting transport can affect the gradients (source of
free energy), forming a feedback loop. This stabilizing mechanism of sheared
flows on plasma turbulence is a significant discovery for the nuclear fusion
research. So far the best fusion performance has been obtained in plasma con-
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ditions where turbulent transport reduced by the shear decorrelation occurs.
In the boundary region of magnetically confined plasma, broadband electrostatic and magnetic fluctuations have been observed for a long time. The
edge fluctuation is dominated by the frequencies below 500 kHz in the well
developed turbulence. Density fluctuation levels are in the range 5% − 100%
in the plasma boundary region [16]. Electrostatic fluctuations produce a fluctuating radial velocity v˜r = Ẽθ /Bφ with Ẽθ the fluctuating poloidal electric
field [15]. The radial particle flux driven by the this electrostatic fluctuation
is derived as:
g v]
(1.5)
ΓE˜θ ×Bφ =< n(t)
r (t) >
In order to study the statistical properties of radial propagation of turbulent
transport, an effective radial velocity (vref f ), defined as the normalized E × B
turbulent particle transport to the local density:
vref f =

< I˜s Ẽθ >
< Is > Bφ

(1.6)

This effective velocity is not affected by uncertainties in the probe area
hence providing a convenient way to investigate the radidal propagation of
turbulent transport [17].

1.5

Motivation of the thesis

The scrape-off layer (SOL) width results from a power balance between parallel losses and anomalous radial transport due to plasma turbulence. Thus,
advanced divertor configurations (e.g. Surper-X [18]) should explore configurations and plasma regimes where the parallel connection length is increased
while keeping the effectiveness of perpendicular transport in spreading the
power at the divertor target.
A multi-machine database for the H-mode SOL power decay length has
revealed a 1/BT (BT toloidal magnetic field) leading to the prediction of a
narrow power decay length in ITER [19]. In L-mode plasmas an increase
of the line- averaged density induced a broadening of the midplane density
profile [20] in the MAST tokamak where the effect of L and H mode filaments
on divertor heat flux profiles has been reported [21, 22].
Recently the influence of collisionality in the broadening of the far-SOL
density profile has been reported in the JET and AUG tokamaks, concluding
that high collisionality in the SOL may trigger a regime transition leading to
strongly enhanced transport [23].
Then, clarifying whether the SOL width is dominated by local effects at
the SOL region or/and by anomalous transport driven in the plasma edge is
a relevant question. In this study, the influence of global plasma confinement
properties in the SOL region are reported in the TJ-II stellarator concluding
that non-local effects play an important role.

12
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Chapter 2
Experimental setup
2.1

TJ-II

TJ-II is a four-period flexible Heliac with low magnetic shear with major radius
1.5 m, minor radius about 0.22 m and magnetic field 1 T [24]. Figure 2.1 shows
the coil system and plasma in TJ-II. The cross sector of the plasmas looks like
a rotated beam (as in figure 2.2). The TJ-II vacuum vessel is divided into four
sectors that are marked in figure 2.2 as Sector A, B, C and D, corresponding
to its four-fold toroidal symmetry. Each Sector is subdivided into 8 regions.
Figure 2.2 also shows the positions of the diagnostics used in the thesis.
The TJ-II plasmas studied in this Master Thesis have been heated by
Electron Cyclotron Resonance Heating (ECRH) (2 × 300 kW gyrotrons, at
53.2 GHz, 2nd harmonic, X-mode polarisation [26]) and Neutral Beam Injection (NBI) (co and counter 700 kW port-through power at 33 kV [27]).
As a result, plasmas with densities below 1 × 1019 m−3 and central electron temperature in the range of 1 keV were achieved in ECRH plasmas. In
NBI regimes, plasmas with densities below 3 × 1019 m−3 and central electron
temperatures 350 eV were investigated.
The rotational transform (the inverse of the safety factor 1/q) changes from
ι(0) = 1.55 to ι(a) = 1.65 for the standard configuration denoted 100−44−64,
where the numbers represent the currents in the magnetic field coils: circular
core coil ICC , helix coil IHX and vertical field coils IV F .

2.2
2.2.1

Langmuir Probes in TJ-II
The principle of Langmiur probe

Langmiur probe consists of a bare wire, which is inserted into the plasma and
electrically biased with respect to a reference to collect electron and/or positive ion current [28]. Langmiur probes are relatively simple and inexpensive
diagnostics. These advantages make it one of the most widely used diagnostic
techniques for low temperature plasmas. Langmuir probe works with plasma
13
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Figure 2.1: The model of TJ-II including the plasma (light voilet) and magnetic
field coils (red (circular core coils), yellow (helix coils), blue (toroidal field
coils), green (vertical field coils), brown and green (radial coils) [25]).

Figure 2.2: The positions of the diagnostics used in this thesis in the TJ-II
stellarator

2.2 Langmuir Probes in TJ-II
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temperature Te < 100 eV , so it is a common diagnostic for edge and SOL
measurements in all magnetic confinement devices. It can measure the plasma
density, electron temperature and the plasma potential.
Electrons have much higher thermal velocities than the positive ions, even
when the the electrons and ions are at the same temperature as the mass of
a positive ion is significantly larger than an electron. So more electrons are
collected initially by the probe because electrons move much faster than ions
and potential of probe becomes negative compared to the plasma. In addition,
plasma is quasi-neutral, the electron density nearly equals to the ion density.
An electric field between the probe and plasma is produced, which accelerates
the ions while decelerates the electrons moving to the probe. When the net
current collected by the probe is zero, the probe potential is called floating
potential (Φf ) [28].
When the probe is negatively biased (Φb ) sufficiently with respect to the
plasma potential (Φp ), the probe measures the ion saturation current (Iis ).
Probe continues collecting positive ions until the bias voltage reaches plasma
potential, at which point ions begin to be repelled by the the probe. When
Φb  Φp , all the positive ions are repelled. For a Maxwellian ion distribution
at the temperature Ti , the following expression shows the dependence of ion
current on Φb :
(
Iis exp(e(Φp − Φb )/kTi ) , Φb ≥ Φp
Ii =
,
(2.1)
Iis
, Φb < Φp
where e is the electron’s charge, and k is the Boltzmann constant. The ion
saturation current can be expressed in the simple form [13]:
Iis = ense cs Aprobe ≈ 0.5en0 cs Aprobe

,

(2.2)

where nse and n0 is the density of pre-sheath (figure 2.3) and the plasma
bulk respectively, Aprobe the collection area of the probe and cs the sound
velocity. When there is a potential difference between the probe and local
plasma potential, the plasma will react and shield the effect of this potential
on the bulk plasma. A positively biased probe attracts an electron shielding
cloud surrounding it while a negatively biased electrode attracts a positive ion
cloud. For a negative biased probe to measure the ion saturation current, the
characteristic shielding distance of potential disturbance is the electron Debye
length:
r
ε0 kTe
(2.3)
λD =
e 2 ne
For example, Te ∼ 25 eV , ne ∼ 5 × 1018 m−3 , it gives λD ∼ 20 µm, illustrating that the sheath is a very thin layer compared to the typical dimension
of the SOL width.
In the vicinity of a negatively biased probe, the electron density decreases
since electrons are repelled by the probe. In the meanwhile the ions are accelerated toward the probe and the ion density is decrease due to the continuity

16
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of the current density. Only if ni > ne can a positive space charge sheath form
around a negatively biased probe. According to the Bohm criteria:
s
k(Te + Ti )
vBohm ≥ cs =
,
(2.4)
mi
ions must enter the sheath with the velocity exceeding Bohm velocity. Ions
are accelerated a potential drop of 0.5kTe /e to the sound velocity. The factor
of 0.5 in equation 2.2 is because of the reduction of the ion density in the
pre-sheath, the region where ions are accelerated up to the Bohm velocity.

Figure 2.3: Schematic of the variation of electric potential, plasma velocity and
ion/electron densities in the plasma between two solid plates. The thickness of
pre-sheath is in the order of 10λD and the total length between the two solid
plates is 2L as shown in figure 1.4. At the sheath edge, the electric potential
drops to Φp,se ≈ −kTe /2e with velocity vse = cs and ion density ni = 0.5n0 [13].
Electron saturation current can be obtained when Φb  Φp . For Φb >
Φp , electrons are repelled by the probe. For a Maxwellian electron velocity
distribution, the electron current decreases exponentially with probe potential.
If Φb  Φp , all the electrons are repelled. The expression of electron current
(Ie ) is similar to the ion current:
(
Ies exp(−e(Φp − Φb )/kTe ) , Φb ≤ Φp
Ie =
(2.5)
Ies
, Φb > Φp

2.2 Langmuir Probes in TJ-II
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The electron saturation current (Ies ) is:
1
Ies = ene ve,th Aprobe ,
(2.6)
4
p
where ne is the electron density, ve,th ≡ 8kT e/πme is the electron thermal
speed, and me is the electron mass.
Since the floating potential (Φf ) is defined when Itotal = Ii + Ie = 0, one
can obtain the floating potential by solving previous equations and neglecting
secondary electron emission [13]:
Φf = Φp +

kTe
me Te + Ti
ln[2π (
)] ,
2e
mi
Te

(2.7)

so that for a deuterium plasma with Ti = Te gives
Φf ≈ Φp − 3

kTe
e

(2.8)

The I-V characteristic curve of langmiur probe is shown in figure 2.4. The
temperature information can be calculated by the slope of the I-V curve in
logarithm scale. Therefore, one can infer the time evolution of density, temperature and potential of plasma from the I-V curve [28].

Figure 2.4: The I-V curve of langmuir probe
There is another way to estimate the electron temperature based on a
triple-probe system. A basic triple-probe system consists of 3 tips: a tip with
positive biasing to measure Φ+ and a tip with negative biasing to measure ion
saturation current Is forming a so-called double probe configuration, and an

18
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additional independent tip to measure floating potential (Φf ) [29]. When the
biasing voltage of the double probe is sufficiently large to ensure the collection
of ion saturation current, the electron temperature is estimated as:

Te ≈ e(Φ+ − Φf )/ln2

(2.9)

In this estimation, it is assumed that all the probe tips are at the same
location, which is not possible in fact. In addition, it would be favourable that
the probe tips are positioned on seperated field lines to avoid shadowing of
tips from each other. The shadowing effect is due to the fact that a tip can
cast a long shadow along the field lines [29].

2.2.2

Langmuir probe in TJ-II

Two Langmuir probe arrays are installed at reciprocating systems in Sectors
D4 (ϕ = 38.2 ◦ )and Sector B2 (ϕ = 195 ◦ ) from which we named the probes:
Probe D and Probe B. The configurations of Probe D and Probe B are shown
in figure 2.2.
Probe D is a 2D probe array consisting of 4 × 4 tips radially spaced 5 mm
and poloidally spaced 3 mm. Figure 2.5 shows the real one and the model of
Probe D. The first column of tips were set to measure Φ+ (positively biased).
The second and forth columns were set to measure the floating potential Φf .
The third columns were set to measure the ion saturation current(negatively
biased), labelled as IS1, IS2, IS3, IS4 respectively.
Probe D [30] can be operated from the edge ρ ≈ 0.83 to the far SOL region.
In each discharge, the probe is staying in the same position and can be moved
between two discharges. By moving the probe D in many shots, one can get a
radial profile of plasma parameters from the plasma edge to the SOL region.
Probe B is a rake probe consisting of eight radial tips spaced 2.3 mm. All
tips on Probe B were set to measure floating potentials. Probe B can be moved
from the edge (ρ ≈ 0.84) to the far SOL region.
The sampling rate is 2 M Hz for both probe systems. They are located
approximately 160 ◦ apart (5 m). This setting allows for characterization of
the plasma properties at two distant positions, hence to detect large-scale
coherent structures.

2.3 Electrode
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Figure 2.5: A photo of probe head (a) and its configuration (b) of Probe D.

Figure 2.6: A photo of probe head (a) and its configuration (b) of Probe B.

2.3

Electrode

A graphite electrode was installed on a fast reciprocating probe drive at Sector
A8 and biased with respect to a radially movable limiter at sector C3, figure
2.2 and 2.7. In the present experiments the electrode was inserted 3 cm, corresponding to ρ ≈ 0.85 inside the Last Closed Flux Surface (LCFS) whereas the
limiter was kept at the LCFS (ρ = 1). The electrode was biased with respect
to the limiter with an AC voltage during plasma discharges.
The biasing voltage and waveform are adjustable. It can be constant,
triangular wave, positively biased or negatively biased half triangular wave.
Usually, the peak voltage is ± 340 V . The frequency can be modulated up to
one kHz.

20
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Figure 2.7: The system of biasing electrode in TJ-II [31].

2.4

Heavy Ion Beam Probe

There are two Heavy Ion Beam Probe (HIBP) systems located at two different toroidal ports separated by 90 ◦ (sector A4 / HIBP2 and B4 / HIBP1 in
figure 2.2). HIBP is an advanced diagnostic to measure plasma potential, the
electron density and a poloidal magnetic field component at a point inside
the plasma. Changing the deflection potentials, the measuring point can be
scanned through the whole plasma cross-section [32].
Figure 2.8 shows the HIBP system in TJ-II that can measure the plasma
electric potential with good spatial (up to 1 cm) and temporal (up to 2µs)
resolution. The heavy ion beam utilized in TJ-II is a cesium beam. The Cs+
beam is accelerated to 125 keV to probe the plasma column from the edge
to the core [33]. The Cs+ particles will be further ionized to Cs2+ by collision
with plasma in the so-called ’sample volume’. Cs2+ particles will be deflected
more strongly by the magnetic field and collected by an energy analyser. The
plasma electric potential information can be obtained from the energy carried
by the Cs2+ in the sample volume. The position and relative potential of the
sample volume can be measured by trajectory reconstruction codes.

2.4 Heavy Ion Beam Probe

Figure 2.8: The duel HIBP system in TJ-II (by A. Zhezhe).
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Chapter 3
Experimental Results
3.1

The shear layer

The ambipolarity condition (i.e. the equality of ion and electron fluxes) determining the radial neoclassical electric field (Er ) has two stable roots in
stellarators: the ion root with edge negative Er , which is usually achieved
in high density plasmas, and the electron root with positive Er that is typically realized when electrons are subject to strong heating. In TJ-II ECRH
plasma conditions the threshold density for the transition from the electron
root (positive edge Er ) to the ion root (negative edge Er ) is in the range of
0.6 × 1019 m−3 . Near the LCFS sheared flows develop in the ion root regime
in the TJ-II stellarator [34] thus providing a convenient point of reference (as
shown in figure 3.1) in the plasma boundary region of fusion devices.

Figure 3.1: The floating potential profiles in ECRH plasma and NBI plasma
showing the shear layer. The error bar means the standard deviation of time
averaged (20 ms) values in each shot.
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Figures 3.2 to 3.7 show the time evolution of plasma density ne , edge electron temperature Te , ion saturation current Is and floating potential Φf in
different plasma heating schemes.

Figure 3.2: ne and Te in two different ECRH plasmas (PECRH = 460 kW up
to 1210 ms and PECRH = 230 kW beyond 1210 ms). ne is measured by the
Reflectometry and Te measured by the probe D at about 3 cm outside the
LCFS (shot #41209).

Figure 3.3: The time evolution of floating potentials with 4 radial tips spaced
5 mm in SOL (shot #41209). They are measured in two different plasma
conditions (PECRH = 460 kW up to 1210 ms and PECRH = 230 kW beyond
1210 ms). The innermost tip is 3 cm outside the LCFS.

3.1 The shear layer
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Figure 3.4: The time evolution of ion saturation currents with 4 radial tips
spaced 5 mm in SOL (shot #41206). They are measured in two different
plasma conditions (PECRH = 460 kW up to 1210 ms and PECRH = 230 kW
beyond 1210 ms). The innermost tip is 3 cm outside the LCFS.

Figure 3.5: ne and Te in ECRH plasmas and NBI plasmas (PECRH = 460 kW
up to 1160 ms and PN BI = 570 kW beyond 1160 ms). ne is measured by the
Reflectometry and Te measured by the probe D at about 3 cm outside the
LCFS (shot #42117).
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Figure 3.6: The time evolution of floating potentials with 4 radial tips spaced
5 mm in SOL (shot #40244). They are measured in two different plasma
conditions (PECRH = 460 kW up to 1120 ms and PECRH = 380 kW beyond
1120 ms). The innermost tip is 3 cm outside the LCFS.

Figure 3.7: The time evolution of ion saturation currents with 4 radial tips
spaced 5 mm in SOL (shot #40244). They are measured in two different
plasma conditions (PECRH = 460 kW up to 1120 ms and PECRH = 380 kW
beyond 1120 ms). The innermost tip is 3 cm outside the LCFS.

3.2 Role of edge radial electric fields and heating power on SOL profiles
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Role of edge radial electric fields and heating power on SOL profiles

Figure 3.8 shows edge profiles of ion saturation current measured by the probe
D for two different ECRH powers (PECRH = 230 kW and PECRH = 460 kW ),
while keeping the electron density at about 0.5 × 1019 m−3 (i.e. in the electron
root). The influence of ECRH on the effective radial velocity (using 1.5 ms as
time average window) is shown in figure 3.9. Power spectra of Is fluctuations
in plasmas heated by one and two gyrotrons are shown in figure 3.10.
Results shown in figures 3.8, 3.9 and 3.10 clearly illustrate that the level of
edge and SOL fluctuations, the effective radial velocity and the SOL density
are larger in plasma regimes sustained with two gyrotrons (PERCH = 460 kW )
than in the plasma phase heated with one gyrotron (PERCH = 230 kW ). Fluctuations increase across the entire frequency spectra as ECRH power increases.

Figure 3.8: edge profiles of ion saturation current measured by the D probe for
two different ECR heating powers while keeping the electron density at about
0.5 × 1019 m−3 . The error bars represent the standard variation (RMS value)
of Is . Edge turbulence dominantly consists of broadband plasma fluctuations
with a fluctuation amplitude in the range ∆Is /Is ≈ 30% to 100% and with
relative fluctuation levels increasing towards the SOL side of the edge shear
location in agreement with previous experiments in tokamaks and stellarators
[16].
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Figure 3.9: Radial effective velocity profile in plasmas heated by one and two
gyrotrons (both in electron root). Error bar represents the standard deviation
(fluctuation).

Figure 3.10: Power spectral density in plasmas heated by one and two gyrotrons (both in electron root).
Figure 3.11 shows the influence of global plasma density on the ion saturation current measured in the SOL region in plasmas sustained with ECR
heating (230 kW and 460 kW ) and NBI (380 kW ) heating. In these experiments the D probe position was fixed at 3 cm radially outwards of the edge
shear layer location. In agreement with results shown in figures 3.8, 3.9 and
3.10 the amplitude of SOL fluctuations increases with ECR heating power. In
addition, the amplitude of the SOL density profile is affected by the electronion root transition at the threshold density, nth ≈ 0.6 × 1019 m−3 , where edge
electric fields reverse from positive (n < nth ) to negative (n > nth ) values (Figure 3.1). Once in the ion root regime, the SOL density is significantly reduced
in the transition from ECRH (ion root) to NBI (ion root) heated plasmas,
with a concomitant reduction in the level of plasma turbulence in the plasma

3.3 Role of edge biasing on SOL profiles
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boundary region as shown in figure 3.12. It should be noted that SOL density
is smaller for NBI plasmas in spite of the much larger line-averaged density.

Figure 3.11: Influence of plasma density on the ion saturation current measured
at r − rshear ≈ 3 cm in ECRH and NBI plasmas.

Figure 3.12: Power spectral density of ion saturation current fluctuation in
ECRH (electron root) and NBI plasma (ion root) at edge and SOL regions.

3.3

Role of edge biasing on SOL profiles

To investigate the role of externally induced edge electric field on the formation
SOL density shoulder, we have applied electrode biasing at the plasma edge in
ECRH and NBI plasmas.
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Figure 3.13: Time evolution of floating potential measured by probe B during the half-wave biasing at the biasing voltage 0 and negative biasing (peak
−340 V ) in NBI plasmas.

Figure 3.14: Radial profiles of floating potential measured by probe B during the half-wave biasing at the biasing voltage 0 and negative biasing (peak
−340 V ) in NBI plasmas (B. Liu et al. to be submitted).
Figure 3.13 shows the temporal floating potential in the biasing voltage.
Figure 3.14 compares the time-averaged floating potential profiles in the unbiased half-cycle (Vbias = 0 V ) and around the biasing peak (Vbias = −340 V ),
which were measured by moving Probe B on a shot by shot basis from the
plasma edge towards the SOL region in NBI plasmas. Floating potential is
negative in the edge of NBI heated plasmas, in agreement with the ion-root of

3.3 Role of edge biasing on SOL profiles
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neoclassical predictions, and rather flat in the SOL region. Biasing modulation
is clearly observed in the plasma edge (i.e. radially inwards the shear location)
but not (or with much weaker amplitude) in the SOL side of the shear location
both in NBI plasmas (as shown in figure 3.14) as well as in ECRH plasmas. As
a consequence radial gradient in floating potential as significantly modulated
by edge biasing both in NBI and ECRH plasmas. Figure 3.15 shows how gradients in floating potential respond to positive biasing in ECRH (electron root)
plasmas. In agreement with previous studies the amplitude of modulation is
amplified in the proximity of the electron-ion root transition [34].

Figure 3.15: Time evolution of edge gradient in floating potential during a
positive biasing phase in the proximity of the transition from electron to the ion
root in ECRH plasmas. Measurements are taken in the plasma edge ρ ≈ 0.86
- 0.98. In this figure, maybe would be useful to also show the line at about
1190 ms when the transition from ion to electron root seems to occur.
The influence of edge biasing on edge plasma potential has also been investigated using the HIBP diagnostic. Interestingly, plasma response to external
biasing depends on the sign of biasing voltage. In ECRH electron root plasmas
potential is strongly (in the order of 50 V ) modulated for positive biasing but
the plasma response is much weaker for negative biasing. On the contrary,
in NBI (ion root) plasma regime plasma potential is strongly modulated for
negative biasing.
Figure 3.16 shows the influence of edge biasing on edge and SOL ion saturation current in ECRH and NBI plasmas. The induced modulation in the ion
saturation current and its fluctuation level is stronger in ECRH (electron root)
than in NBI (ion root) plasmas. Furthermore, the radial effective velocity measured at the SOL region is also modulated by edge biasing (Fig. 3.17). These
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finding show that externally driven edge radial electric fields are affecting SOL
profiles but its effect depends on the magnitude of the edge shear layer and
the level of edge fluctuations: it decreases as the edge shearing rates increases
and the level of edge fluctuation decreases.

Figure 3.16: Influence of edge biasing on edge and SOL ion saturation current
in a) ECRH plasmas (electron root) and b) NBI plasmas (ion root). From
this results it is clear not much change on ion saturation current occurs under
NBI heating but from figure 3.13 (NBI under negative biasing) a large change
in plasma potential occurs. It seems that biasing under NBI heating affects
mostly the electric potential energy not affecting much the transport in that
region.

Figure 3.17: Time evolution of biasing voltage and effective radial velocity in
ECRH in electron root plasmas measured at r − rshear ≈ 3 cm.

3.4 Role of L-H transition

3.4

33

Role of L-H transition

TJ-II has provided clear evidence that three-dimensional magnetic structures
have a significant impact on plasma confinement and L-H transitions. Limit cycle oscillations LCOs are observed close to the L-H threshold in configurations
with a low order rational located inward from the E × B shear location [35].
Figure 3.18 shows that the SOL density is significantly reduced during the
L-H transition, concomitant with the reduction of edge fluctuations and the
amplification of edge sheared flows.

Figure 3.18: In the L-H transition, plasma density increases and the Hα decreases. In addition, SOL density and its fluctuation level decrease at the L-H
transition.
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Chapter 4
Conclusion and further study
This thesis has addressed the question of whether anomalous transport driven
by the plasma edge influences the scrape-off layer width in the TJ-II Stellarator. It has been found that the SOL density profile is affected by the
structure of edge radial electric fields, either driven by edge plasma transition
(i.e. electron-ion root transition) or by external edge biasing. The coupling
between edge and SOL regions depends on the magnitude of the edge shearing
rate. Furthermore, SOL density increases with ECRH heating power and decreases in NBI plasma regimes with reduced level of edge plasma turbulence.
It is concluded that SOL profiles are coupled to edge plasma parameters and
consequently optimizing SOL power exhaust conditions requires considering
transport in the edge region.
An interpretation of present findings in terms of filamentary transport
would imply that the propagation of filaments formed in the edge plasma
to the SOL depends on the magnitude of the edge shear flow and level of edge
fluctuations.
Finally it should be noted that the conventional power exhaust solution
(i.e. solid targets with a W-based surface and single null magnetic configuration) relies on a successful combination of detached divertor with enough
power flux crossing the separatrix to sustain a reactor relevant plasma operation regime (e.g. H-mode operation or an ELM free regime like the I-mode).
In particular all conventional exhaust schemes rely on operation close to the
empirical Greenwald density limit.
From the perspective of the edge-SOL coupling mechanisms reported in this
study, an important open question is to clarify how the level of edge fluctuations and edge shear would evolve in those plasma regimes. Thus, a theoretical
description of the edge-SOL coupling should move towards the development
of first-principles description of heat and particle transport propagation (including filament sources) both inwards and outwards through edge sheared
flows. The unique control of edge radial electric field and its gradient in the
plasma edge in stellarator devices make them ideal laboratories to validate
those models.
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