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Abstract
Pellet injection is a widely used technique to fuel the plasma core of stellarator devices. When cryogenic pellets are injected into the plasma, density
and temperature profiles are abruptly, but transiently, modified. Consequently
the radial electric field, which is set by ambipolarity of the neoclassical fluxes
(which depend on density and temperature profiles), changes. This could affect, among other things, impurity concentration in the plasma, something
that could be harmful for the performance of the stellarator. In this work we
analyse changes in the radial electric field immediately after pellet injection for
both Electron Cyclotron Resonance Heated (ECRH) and Neutral Beam Injection (NBI) heated plasmas, by making use of the heavy ion beam probe and the
Doppler reflectometer installed in the TJ-II stellarator. Also, the experimental results are compared with the radial electric field predicted by neoclassical
theory. The neoclassical Er is computed by solving the drift kinetic equation
in two ways: analytically, using the plateau regime approximation, and numerically, using DKES (Drift Kinetic Equation Solver). Additionally, the effect of
pellet injection on impurity accumulation is studied by estimating the effective
ion charge from X-rays measurements.
In ECRH plasmas the positive radial electric field reduces across the entire
radial profile after pellet injection, assuming less positive values in the plasma
core and having a transition to the ion-root for ρ > 0.4. Conversely, in NBI
plasmas the negative radial electric field remains in the ion-root, even after
pellet injection, assuming values closer to zero (less negative) in the plasma
core region.
The Er change is found to be consistent with the effective ion charge variation
after pellet injection, both for ECRH and NBI plasmas. In the ECRH case,
impurity ions seem to accumulate in the core after pellet injection, returning back to outer radii (ρ > 0.4) after several ms, when Er goes back to the
before injection profile. On the contrary, in the NBI case the small change
of the radial electric field does not seem to have a considerable effect on impurity ion accumulation. Additional observations, such as the disagreement
between the experimental Er and the neoclassical estimations, are discussed
and suggestions for future investigations are outlined.
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Chapter 1
Introduction
1.1

The energy problem

During the last 200 years a huge increase in the world energy consumption has
taken place, as shown in Fig. 1.1. This dramatic increase is not only related

Figure 1.1: World energy consumption by source [1].
to the marked world population growth that occurred in the last century, as
one could think at a first glance. Along with the population growth, a deep
change in energy consumption habits has also taken place over the last decades.
This is shown in Fig. 1.2 where the average energy consumption per person
is depicted. On a per capita basis, there was a huge spurt of growth between
1950 and 1970: the average energy consumption per person per year jumped
from 35 to 70 GJ/year in about 30 years. It is clear, then, that our society
dramatically changed its lifestile, becoming more and more energy-consuming.
Fig. 1.1 clearly shows that, to fulfill the new world thirst for energy, fossil fuel usage increased drammatically after World War II. This is one of the
main causes which is threatening our natural environmental and geo-political
5
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Figure 1.2: Per capita world energy consumption, calculated by dividing world
energy consumption shown in Fig. 1.1 by population estimates, based on Angus
Maddison data [2].
stability. The increase of fossil fuel consumption is leading to a relentless
global warming, which is seriously threatening the environmental world balance. At the same time, the energy dependence of many countries on fossil fuels is threatening geo-political stability. Fossil fuels, in fact, are energy
sources highly concentrated in few regions (Middle East, Russia etc.), making other countries energetically dependent to few nations. As a consequence,
geo-political stability can be undermined by those countries.
To escape from this scenario, two actions need to be undertaken. The
first is a drastic reduction of the per capita energy consumption, a necessary
condition to reduce fossil fuel dependence. The second is to find new energy
sources, which do not produce greenhouse gases and which are homogeneously
present on Earth, that can ultimatelly substitute fossil fuels. Fusion energy
can be the answer to this second need.

1.1.1

A possible solution

Energy production by fusion reactions takes advantage of the large amount of
energy released when two light nuclei fuse together giving birth to a heavier
nucleus. The released energy can be used as a heat source in a conventional
Carnot cycle to produce electric energy with a turbine. The advantage of fusion
power production with respect to renewable energies is the non-intermittency
of the energy source: solar panels and wind farms depend on the source availability, which is variable. On the contrary, a fusion power plant could potentially work in a steady state. This characteristic is not secondary if we are
aiming to a fossil fuels free world: with present technology, renewable energies
alone will not be able to satisfy the power demand of our grid.
Fusion energy has also different advantages if compared to fission. Firstly,

1.2 Fusion energy production
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the main fusion energy source (deuterium, an isotope of hydrogen that can
be extracted from water) is almost homogeneously present on Earth in large
quantities. On the contrary, uranium, the fission energy source, is heterogeneous on Earth and is not present in large amounts (the Nuclear Energy
Agency, NEA, and the International Atomic Energy Agency, IAEA, estimate
that exploitation of the identified uranium resources would allow nuclear power
plants to work for other 135 years at most [3]). Secondly, fusion power plant
will not create radioactive materials with long decay times. High energy neutrons produced during the fusion reaction will activate materials close to the
reactor, but a careful choice of these materials will allow them to be released
from regulatory control and possibly recycled about 100 years after the power
plant stops operating [4]. On the other hand, radioactive waste produced in
fission power plants have a half life of thousands of years. Therefore, fusion
energy appears to be a sustainable, long-term and clean energy source that
can help society reduce fossil fuels consumption.

1.2

Fusion energy production

Different fusion reactions can be considered to create energy, but the one with
the largest cross section (and so with largest probability to happen at low
enough temperatures) is the deuterium - tritium reaction:
D + T = α + n + 17.6 MeV

(1.1)

The D-T reaction has the advantage of high energy release and large abundance
of the fuel. Deuterium can be produced from sea water, whereas tritium can be
generated by lithium reacting with neutrons directly in the reactor. Lithium
is relatively abundant on Earth and resources are likely to be sufficient for
several hundreds of years [4]. The D-T reaction has the disadvantage of neutron
production. As mentioned before, neutrons will interact with the surrounding
material and activate it. There are other fusion reactions where neutrons are
not produced (such as the D-He3 reaction), but they are more difficult to
start. Fusion reactions are so difficult to initiate because, in order to fuse
atomic nuclei, the charged nuclei need to overcome the long range Coulomb
repulsion between them and approach to the range of the attractive strong
nuclear force, for which they need to be accelerated to high velocities. In the
Sun, fusion reactions occur because of the large confining gravitational forces,
which are able to mantain nuclei close enough for long enough to fuse. On
Earth, extreme conditions are required to have enough fusion reactions (i.e.
temperatures even higher than those reached in the Sun, since the density in
the Sun cannot be reached on Earth). Under these conditions, the working gas
becomes a plasma (that is an ionized gas) and the issue of confining it is now
apparent. There are two main ideas to confine plasma. The first is to use large
magnetic fields that can trap plasma. These are magnetic confinement fusion
(MCF) reactors (Fig. 1.3a). The second is to compress and heat a small fuel
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target with lasers for hundreds of picoseconds. These are inertial confinement
fusion (ICF) reactors (Fig. 1.3b).

(a) MCF device [5].

(b) ICF device [6].

Figure 1.3: Conceptual design of the two main fusion confinement devices.
These two different approaches try to satisfy the Lawson criterion [7] in different ways. The Lawson criterion defines the conditions needed for a fusion reactor to reach ignition, that is, self-sustained fusion (where the products of the
reactions can sufficiently heat the plasma without the need of external power
input). This criterion forces a threshold for the triple product nτE T , where
n is the plasma density, τE the energy confinement time and T the plasma
temperature. MCF reactors rely on “low” plasma densities (∼ 1020 m−3 ) and
“long” energy confinement times (few seconds) to reach ignition; ICF reactors,
conversely, rely on “high” plasma densities (∼ 1031 m−3 ) and “short” energy
confinement time (hundreds of picoseconds) [8]. In this work the attention is
turned to MCF reactors.

1.3

Magnetic confinement fusion devices

The idea behind these devices is to make advantage of the fuel state - the
plasma one - to confine it. Since plasma is an ionised gas and consists of
charged particles, the presence of a magnetic field forces charged particles to
have a cyclotron motion around the magnetic field lines. As a consequence,
plasma is basically compelled to move along the field’s direction. In order for
particles not to be lost at the end of the magnetic field line, as in a linear
geometry for instance, magnetic field lines that close upon themselves are
required. The toroidal geometry (i.e magnetic field lines wrapped around a
central axis) is fit for the purpouse. However, if only a toroidal magnetic field
was present in the vessel, the curvature of the magnetic field lines would induce
a drift of the charged particles that would cause charge separation in the vessel
and, hence, the creation of an electric field. Then, particles would drift radially
~ ×B
~ drift. To avoid this process, a poloidal magnetic
outwards, due to the E
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field is added, so as to create helical magnetic field lines and to constrain
particle motion within the vessel. Hence, to have stable plasma configurations
both a toroidal and a poloidal magnetic field are required. The two main types
of magnetic confinement devices considered as candidates for sustaining fusion
reactions (tokamaks and stellarators, see Fig. 1.4) differ for the way they aim to
create the poloidal component of the magnetic field. In tokamaks the twisting
of the magnetic field is produced by a toroidal plasma current, induced by
an external solenoid. Then, tokamaks have a simple axisymmetric geometry,
which allows to confine all collisionless particles [9]. Their main drawback
is that the toroidal current is generated by a transformer, which makes the
device vulnerable to current-driven instabilities and limits its operation in
steady state [10]. On the contrary, in stellarators the poloidal component of
the magnetic field is produced by external non-axisymmetric coils. Therefore,
stellarators are inherently current free and able to operate in a steady state,
even if the presence of more unconfined particles (due to the complicated 3-D
geometry) can lead to high transport of energetic and thermal particles [10].

Figure 1.4: Schematics of magnetically confined plasmas in (a) tokamaks and
(b) stellarator configurations [10].

Even though the idea of a stellarator was conceived first, tokamaks have
attracted more attention due to the less complicated geometry that allowed
to reach higher energy confinement times than those of stellarators. Consequently, over the last 60 years, fusion research has been intensely performed in
tokamaks operating around the globe and its remarkable progress has led to
the decision that the future experimental fusion device demonstrating power
efficiency (ITER) should be a tokamak. Nowadays, fusion research on stellarators is flourishing as well, because of the huge progress in computational
science occurred in the last decades, which allows advanced simulations that
help optimise the complicated 3-D magnetic geometry of stellarators, leading
to a reduction of particle losses.

10
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Pellet injection: a necessary fuel source
for stellarators

Core plasma fuelling is a critical issue for MCF devices to achieve high particle
densities in the plasma core. There are mainly three ways to inject fuel into
the vessel: gas puffing, neutral beam injection (NBI) and pellet injection.
In stellarators, conventional gas puffing cannot provide the necessary deep
fuel injection under reactor conditions [11]. This happens because, since
plasma edge temperatures in fusion reactors are much higher than the ionization energy of deuterium and tritium, fuel particles added by gas puffing
are ionized in the edge region, leading to a hollow density profile [12]. On the
other hand, in tokamaks broad but monotonically decreasing density profiles
are reached with gas puffing only. This result can be related to the inward particle diffusion process in tokamak [12]. As a consequence, in stellarators when
plasma is heated only with electron cyclotron resonance heating (ECRH) and not using NBI - , the electron density has the typical hollow profile, as
shown in the left graph of Fig. 1.5, since there is an energy source in the core
but not a particle source. This kind of profile should be avoided if enough
fusion reactions want to be reached in the plasma core. The right graph of
Fig. 1.5 shows that NBI can be used to peak the density profile. However, with
NBI, an additional energy source is introduced into the plasma, which may be
problematic from the point of view of density control [13]. This is because, in
stellarators, particle and energy transport are coupled in the core region (see
e.g. [14]), if they are dominated by the neoclassical contribution [15, 16]. In
particular, in Helias-type stellarators, this coupling could create hollow density
profiles [17] and thus intensify the need for fuelling mechanisms that mitigate
potential core depletion.

Figure 1.5: TJ-II electron density profiles obtained by Thomson scattering.
The profiles have been fitted to highlight the hollow ne in an ECRH plasma
(left), and the parabolic shape of ne in an NBI heated plasma (right).
It is for these reasons that stellarators strongly demand an additional fuelling source and pellet injection is at present the best candidate to peak the
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hollow density profile and respond to the demand for density control. It is no
coincidence that the idea of using small quantities of solid deuterium at cryogenic temperatures (the so-called pellets), accelerated to velocities of several
kilometers per second, to inject fuel into a device, first arose in the early 1950s
as part of the stellarator program. This is because pellet injection systems permit achieving relatively localized plasma fuelling without an associated energy
source. In fact, when fast cryogenic pellets are injected into the plasma, they
ablate almost immediately creating a neutral shielding cloud [18] which allows
them to have a longer penetration into the plasma. Moreover, pellets injected
from the high-field side of the reactor will take advantage of the cloud acceleration towards the core, due to the electric field created in the plasma cloud. For
these reasons, among others, pellet injection is the subject of intense research
in helical devices and also in tokamaks.

1.5

The impurity challenge

Impurities are atoms present in the plasma other than fuel atoms, that can
originate from the first wall (i.e. the material facing the plasma), divertor
target plates material (the divertor is a component of MCF reactors where the
exhaust power and escaping particles are directed) and other sources (such as
vacuum leaks, diagnostics, helium ash in a reactor etc). The main mechanisms
for production of impurities are considered to be sputtering of wall materials, desorption of surface impurities, evaporation of bulk material, arcing, and
chemical reactions [19]. The presence of impurities in the plasma dilutes the
fuel and increases radiative power loss through two main processes. The first
is the enhancement of Bremsstrahlung because of the higher value of the ionic
charge of impurities. The second is the energy emitted as a consequence of the
atomic processes of line radiation and recombination [20]. Therefore, impurities will hinder ignition achievement both in tokamaks and stellarators.
It is considered that impurities may represent a bigger threat for stellarator
development than for tokamaks. Studies [21] showed that impurity confinement in stellarators increases with the electron density (Fig. 1.6a). The consequences of the unfavourable impurity confinement at high density manifest
themselves in radiation losses that steadily rise throughout the pulse duration
by accumulating impurity ions [22]. Studies in W7-AS show that at fractions
of radiation power losses larger than 40-50 % of the heating power the plasma
energy starts to degrade and the discharge terminates by radiation instability
(Fig. 1.6b). The maximum achievable pulse length therefore becomes basically
a function of the electron density for a given heating power and impurity concentration [21]. The high MHD stability limits do not restrict the operational
range in these discharges and are not responsible for the energy degradation.
Hence, in stellarators the radiation losses determine the density limit, which
- in contrast to tokamaks - is a soft limit and depends on heating power and
impurity concentration [21]. It appears clear now why impurity confinement

12
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(a) Short pulses of impurity ions were
injected (Ti in LHD, Al in W7-AS and
Si in TJ-II). On the y-axis are plotted
the decay times of the corresponding
line emission of the highest ionization
states after the pulse [21].

(b) Impurity radiation in 0.5 MW
NBI-heated W7-AS plasmas at constant density of 0.87 (e) and (d) /1.05
(c) / 1.15 (b) /1.25 ×1019 m−3 (a).
The dashed line indicates 40 % of
heating power [21].

Figure 1.6: The impurity problem in stellarators
plays a key role in stellarators. Controlling and thus reducing impurity accumulation will allow us to increase the operational density in stellarators and,
as a consequence, to get closer to the ignition condition.
The main drive force that controls impurity flux (and, therefore, accumulation) in stellarators is typically the radial electric field. According to neoclassical theory, the radial particle flux of a generic species b can be expressed
at low collisionalities as (see for instance [13]):
 b
 
 0
L12 3 Tb0
nb qb Er
b
b
−
−
+
(1.2)
Γr = −nb L11
nb
Tb
Lb11 2 Tb
where nb , Tb and qb are, respectively, the density, temperature and charge
of the generic species b, Er is the radial electric field (i.e. in the direction
perpendicular to the flux surfaces), Lbjk are the thermal transport coefficients
and the apostrophe denotes the first derivative with respect to r (i.e. the
coordinate in the direction perpendicular to the flux surfaces). Density and
temperature gradients are typically negative, leading to a positive term in
the ion flux, which has the effect to push impurities out of the plasma. On
the contrary, the radial electric field can be positive or negative. When it is
negative (the so called ion root), a negative term to the impurity flux is added,
which will contribute to impurity accumulation. Unfortunatelly, the term with
the radial electric field has the largest weight in Eq. 1.2, since for impuritites
qb = Ze. In conclusion, the radial electric field is the crucial physical quantity
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that governs impurity accumulation and that can ultimately help achieving
higher densities plasmas in stellarators.
The goal of this research is to study the radial electric field change induced by pellet injection in the TJ-II stellarator (present in the National Fusion Laboratory at Centro de Investigaciones Energéticas, Medioambientales y
Tecnológicas (CIEMAT), Madrid), to see if impurity concentration is affected
by pellet injection. In chapter 2, a brief introduction to neoclassical transport
and to radial electric field estimations is outlined. Then, in chapter 3, the TJII stellarator, together with its associated diagnostics, is described. Finally,
the results of the study are described in chapter 4, along with the successive
steps undertaken to obtain them.
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Chapter 2
Basics: neoclassical transport
and radial electric field in
stellarators
Radial transport is the cause of particle and energy losses in toroidal MHDstable plasmas. In MCF devices, transport is due to two different types of
processes. The first is collisions between charged particles. In the presence of
gradients in the thermodinamic variables (such as temperature and density)
and of an inhomogeneus magnetic field collisions lead to a deviation of the
distribution function from the Maxwellian one [23]. This causes neoclassical
transport (i.e. a branch of collisional transport that takes into account the
toroidal topology of the magnetic field), which is always present in a plasma.
The second process that causes transport is the turbulence and this gives rise
to turbulent transport (sometimes called anomalous transport). Although in
many toroidal MCF devices turbulent transport is the main cause which sets
the energy confinement time, neoclassical transport plays a key role in the radial electric field determination. Various studies showed both theoretically [9]
and experimentally [24] that in stellarators the radial electric field is set by
neoclassical transport. Therefore, in this work only neoclassical transport will
be discussed.

2.1

Linearized Drift Kinetic Equation

In order to obtain the main physical quantities of interest for transport (particle flux, energy flux etc.) the knowledge of the distribution function of each
particle species b, fb , is mandatory. The time evolution of the distribution
function is governed by the following kinetic equation [25]:
∂fb
∂fb
∂fb
+ v g · ∇fb + ṗ
+ v̇
= C(fb )
(2.1)
∂t
∂p
∂v
where v is the particle speed, p = vk /v is the pitch angle variable ( vk = v cos α
and α is the angle between the velocity vector and the magnetic field), the dot
15
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over the symbols represents a time derivative, v g is the guiding center velocity
vector (the guiding center trajectory is the one obtained by averaging out the
cyclotron motion of the particle) and C(fb ) is the collision operator (i.e. the
change in the distribution function due to collisions). Equation 2.1 is very
general, since it is obtained by only assuming that the process is local and
Markovian (a stochastic process is considered Markovian when the conditional
probability distribution of future states of the process depends only upon the
present state, not on the sequence of events that preceded it). This equation
can be simplified by linearizing the distribution function at the first order with
respect to the small Larmor radius (from now on the subscript b indicating the
particle species will be suppressed to simplify the notation):
f ≈ f0 + f1 = fM + f1 .

(2.2)

In this case the zeroth order of the distribution function is assumed to be a
Maxwellian:
n
(2.3)
fM = 1/2 3 exp(−K)
(π vT )
where vT = (2T /m)1/2 is the local thermal velocity (T and m are the particle
temperature and mass, respectively) and K = mv 2 /(2T ) is the normalized
kinetic energy.
By substituing in Eq. 2.1 the linearized expression of f , the expressions of
v g , ṗ and v̇ (more details can be found in [25]) and by following the derivation
of [14], the linearized drift kinetic equation (DKE) is obtained:


qhE· Bi
fM
(2.4)
V(f1 ) − νL(f1 ) = −vdr Υ + pvB
T hB 2 i
where


B Er × B
v(1 − p2 )
∂f1
V(f1 ) = pv +
·
∇f
−
B·
∇B
1
B
hB 2 i
2B 2
∂p
is the Vlasov operator, E r = Er ∇r = (E· ∇r)∇r is the radial electric field
(i.e. the electric field in the direction perpendicular to the flux surfaces), ν is
the collision frequency, νL(f1 ) is the Lorentz pitch-angle-scattering collision
operator with


1 ∂
2 ∂f1
L(f1 ) =
(1 − p )
,
(2.5)
2 ∂p
∂p
vdr = vd · ∇r is the radial drift velocity
vdr =

mv 2 (1 + p2 )
(B × ∇B)· ∇r,
2qB 3

(2.6)

and Υ is defined as follows:


1 dn qEr
3 1 dT
Υ=
−
+ K−
.
n dr
T
2 T dr

(2.7)
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Also, angle brakets denote the flux-surface average:
RR√
gA dθ dζ
hAi = R R √
g dθ dζ
√
where A is a generic function and g = (∇r· ∇θ × ∇ζ)−1 is the real-space
Jacobian of the generic magnetic coordinates (r, θ, ζ) [25].
It should be noted that derivatives of f1 with respect to r and v are lacking
in equation 2.4. This represents an important simplification of the general
drift kinetic equation 2.1 which passes from five phase-space variables to three.
Eq. 2.4 determines the (small) deviation of the distribution function from the
Maxwellian. Once the distribution function is known, the main transport
phisical quantities (such as the particle and energy flux) can be computed.
The notation of the linearized DKE can be further streamlined by expressing the first-order distribution function as:
f1 = −

vdc R0
qR0 B0 hE· Bi
fM fbI +
ΥfM fbII
2
T hB i
v

(2.8)

where R0 and B0 are reference values of the torus major radius and magnetic
field strength, respectively, vdc = mv 2 /(2qR0 B0 ) and fbI and fbII are two new
dimensionless functions. Substituting Eq. 2.8 into Eq. 2.4, one obtains the
dimensionless form of linearize DKE:
R0 b
R0 ν b
B
V(fI ) −
L(fI ) = −p
v
v
B0

(2.9)

R0 ν b
vdr
R0 b
V(fII ) −
L(fII ) = −
v
v
vdc

(2.10)

These equations are said to govern the transport in the parallel (Eq. 2.9) and
radial directions (Eq. 2.10). In this work the attention is turned to the equation
governing radial transport (i.e. Eq. 2.10), as the radial electric field has to be
estimated.

2.2

The neoclassical radial particle flux

One of the most important quantities in neoclassical transport is the radial
particle flux Γr . Of particular interest is the flux-surface-averaged radial particle flux, given by [14]:
Z

3
Γr = hΓ· ∇ri =
vdr f1 d v .
(2.11)
In Eq. 2.11 only f1 is giving a non-vanishing contribution to the particle flux.
The Maxwellian term of the distribution function, being symmetric, will give
a vanishing contribution to Γ. It appears clear now that the deviation of
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the distribution function from the Maxwellian is responsible for collisional
transport [23].
By substituting Eq. 2.8 into Eq. 2.11, one can see that Γr can be expressed
as a linear combination of three terms (called thermodynamic forces):
A1 =

1 dn qEr 3 1 dT
−
−
n dr
T
2 T dr

1 dT
T dr
qB0 hE· Bi
A3 = −
.
T hB 2 i
A2 =

By neglecting the thermodynamic force A3 (since the associated term is usually
much smaller than the others two), the same expression of the radial fluxsurface-averaged particle flux mentioned in the introduction is obtained [26]:




L12 3 1 dT
1 dn qEr
−
−
+
,
(2.12)
Γr = −nL11
n dr
T
L11 2 T dr
where L11 and L12 are the thermal transport coefficients defined by (for further
details on their derivation see [25]):
Z ∞
√
2
dK K exp−K Dij (K)hi hj ,
(2.13)
Lij = √
π 0
where h1 = 1, h2 = K and Dij are the mono-energetic transport coefficients
defined by:
Z 1

2
vdr b
vdc
R0
dp
fII .
D11 = D12 = −
(2.14)
2v
vdc
−1
Therefore, once f1 is obtained from the linearized DKE, it can be used to
determine first the mono-energetic coefficients, then the thermal transport
coefficients and ultimately the flux-surface-averaged fluxes.

2.3

The ambipolar electric field

The radial electric field Er may be obtained from the ambipolar condition of
the neoclassical flux-surface-averaged radial particle fluxes (Eq. 2.12), which
in a plasma composed of electrons and protons reads
Γe (Er ) = Γi (Er ).
After some manipulations, equation 2.15 can be rewritten as:

 0
Ti Te
Ti0
Te0
n i
i
e
e
Er =
(L − L11 ) + L11 δi − L11 δe
e(Li11 Te + Le11 Ti ) n 11
Ti
Te

(2.15)

(2.16)
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where δb = Lb12 /Lb11 − 3/2. It is appropriate to point out that, since the coefficient D11 (ν, Er , r), needed to compute the thermal coefficients L11 and L12 ,
depends on the radial electric field (see for instance [14, 27]), equation 2.16 is a
non-linear equation which can have multiple solutions for Er . This is a feature
of neoclassical transport theory in stellarators which has no counterpart for
axisymmetric tokamaks [14]. Figure 2.1 shows the different kinds of solutions
for the radial electric field that equation 2.16 can give. The DKES code (Drift
Kinetic Equation Solver) was used for the geometry of the TJ-II stellarator
to compute the particle fluxes of ions and electrons. In the picture, particle
fluxes (at r = 0.7a) normalized to the density are plotted as a function of Er .

Figure 2.1: Neoclassical electron and ion radial fluxes normalized by the density in the TJ-II stellarator calculated at r = 0.7a with the DKES code. The
circles mark possible stable solutions for the ambipolar electric field [28].
The intersections of the curves representing the ion and electron radial
fluxes are possible solutions for the ambipolar radial electric field. In Fig. 2.1
only stable solutions are marked with circles. In the left graph of Fig. 2.1 electrons and ions have similar temperature and the radial electric field has only
one negative solution. This case, which is typical in stellarators when density
is high, is called ion root. The negative electric field is created to bring ion
transport to the electron level and, therefore, it has the effect of reducing the
radial excursion of trapped ions [26]. In the right graph of Fig. 2.1 electron
temperature is much higher than that of the ions and, as a consequence, collisionless trapped electrons tend to make the electron losses superior to those
of ions [23]. In this case, which is typical of low density ECR heated plasmas,
the only solution of equation 2.16 is a positive electric field, called the electron
root. This positive electric field is created to drive electrons at the rate of the
ions. In between these two extremes, multiple solutions of the radial electric
field exist (see the center graph of Fig. 2.1) and interesting transitions between
the two roots may occur.

2.4

Plateau regime approximation

In stellarators, the mono-energetic radial transport coefficient has the typical
trend shown in Fig. 2.2 when plotted as a funcion of the normalized collision-
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ality ν ∗ = νR0 /vι, where ι is the rotational transform (i.e. the number of
poloidal transits per single toroidal transit of a field line on a flux surface).
The different transport regimes recognizable in Fig. 2.2 depend on the existance of different families of particles moving in the plasma and on the radial
electric field effect. In stellarators two main kinds of particles are present:
passing particles and trapped particles. Passing particles are those that have
high enough parallel velocity to circulate freely in the toroidal and poloidal
direction following the magnetic field line. On the other hand, trapped particles are those that, because of their lower parallel velocity, bounce between
two local magnetic field maxima [23].
At high collisionalities (i.e. ν ∗ > 1) all the guiding center orbits are interrupted by collisions. Since the collision frequency exceeds the transit frequency (i.e. the inverse of the characteristic time for a particle to complete
a toroidal lap), parallel and radial particle motion is diffusive and therefore
the radial transport coefficient increases with ν [29]. This regime is called
Pfirsch-Schlüter regime.
At lower collisionalities (i.e. ε3/2 < ν ∗ < 1, where ε = a/R0 is the inverse
aspect ratio and a is the plasma minor radius), passing particles are collisionless, while trapped orbits are typically interrupted by collisions. Hence, it is
circulating particles that dominate radial transport, which, although caused

Figure 2.2: The mono-energetic radial transport coefficient (normalized to the
∗
plateau value in a circular tokamak), D11
, versus the normalized collisionality
∗
ν , in the standard configuration of W7-X. The asymptotic regimes are indi√
cated by dotted straight lines. In the order of increasing collisionality: the ν
regime, the 1/ν regime, the plateau regime and the Pfirsch-Schlüter regime.
At very low collisionality (below the range shown) the transport again becomes
proportional to ν. The radial electric field has been chosen
as Er /(vB) = 3
√
×10−5 . If Er is made larger, the transition from the ν regime to the 1/ν
regime occurs at higher collisionality [30].
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by collisions, turns out to be independent of the collision frequency [29] (see
Fig. 2.2). This regime, which is called plateau regime, can only exist at large
aspect ratio, ε  1.
At low collisionalities (ν ∗  ε3/2  1) both passing and trapped particles
are collisionless. Since these trapped particles are constrained to an almost
fixed angular position, the radial drift leads to a large displacement of the
guiding center from the flux surface [23]. Therefore, radial transport is driven
by this drift and, in this situation, the mono-energetic radial coefficient is found
to be proportional to 1/ν (1/ν-regime).
The presence of a strong radial electric field in the plasma radically changes
the course of the transport coefficient at very low collisionalities. In fact when
the collisionality is so low, the random-walk step size becomes comparable to
the radial scale length and transport is no longer radially local [30, 31]: other
terms, such as the poloidal (more generally, tangential to the flux surface)
E r × B drift, start to play a role. In this case, the characteristic random-walk
time step is not anymore set by the radial drift of trapped particles but by their
poloidal E r × B√drift. Consequently, the mono-energetic radial
√ coefficient is
found to have a ν dependence, from which this regime (the ν-regime) takes
the name. Furthermore, when a shallowly trapped particle orbit is convected
poloidally by the E r × B drift into a region of lower magnetic mirror ratio, it
will undergo collisionless detrapping, and when it is convected back into the
region with higher mirror ratio, it will again become trapped [30]. The collisional scattering of particles with such orbits results in a random walk with
a√ transport coefficient proportional to the collision frequency: therefore the
ν-regime turns into a ν-regime at very low collisionality.
The linearized DKE obtained in section 2.1 can be further simplified if
plasma is assumed to be in the plateau regime. This hypothesis is justified
when collisionality is intermediate and for large aspect ratio (ε  1).

2.4.1

DKE in the plateau regime

To begin with, a typical assumption valid for stellarator is invoked. It consists
in neglecting the parallel component of the electric field, since in stellarators
it is usually much smaller than the radial one (Ek  Er ). In this hypothesis,
the first-order distribution function is simplified as follow:
vdc R0
ΥfM fbII
v
and Eq. 2.10, expressed now in the variable f1 , reads:
f1 '

V(f1 ) − νL(f1 ) = −vdr ΥfM

(2.17)

(2.18)

Now further simplifications can be introduced, taking into accoun the plateau
regime approximation. In the first place, the term B· ∇B in the Vlasov
operator is neglected, since it is proportional to ε [29] which is small, if
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the large aspect ratio approximation holds. In the second place, the term
E r × B in the Vlasov operator is neglected, since in the plateau regime
(E r ×B)/hB 2 i  pvB/B for passing particles (which are those that dominate
radial transport in the plateau regime). Lastly, the full collision operator is
replaced by a simple Krook operator,
C(f1 ) −→ −νf1 .

(2.19)

With these simplifications, the linearized drift kinetic equation in the plateau
regime reads:
B
(2.20)
pv · ∇f1 + νf1 = −vdr ΥfM .
B
From now on a new set of coordinates is introduced (r, θ, ζ), the so-called
Boozer coordinates, with r indicating the space coordinate in the direction
perpendicular to the flux surfaces and measured in meters. They are very
useful in stellarator theory since their introduction simplifies the equations.
Moreover, the flux surface label r is a useful coordinate, since many physical
quantities are constant on these surfaces.
In Boozer coordinates, the covariant and contravariant representation of the
magnetic field are respectively (for more details on covariant and contravariant
representation see [32, 33]):
B = Br ∇r + Bθ ∇θ + Bζ ∇ζ = Bθ ∇θ + Bζ ∇ζ,
1
B=√
g



Ψ0P
Ψ0T
eθ +
eζ
2π
2π



Ψ0T
= √ (ιeθ + eζ ).
g

(2.21)

(2.22)

In Eq. 2.21, Br = 0 (for a vacuum magnetic field), Bθ = IT /(2π) and Bζ =
IP /(2π), where IP is the poloidal current passing through the area S delimited
by the tororidal circuit l
Z
Z
IP =
µ0 j· dS = B· dl
(2.23)
S

l

and where IT is the toroidal current passing through the area S delimited
by the poloidal circuit l, defined similarly to IP . Of course in stellarators
Bθ  Bζ , since IT  IP . In Eq. 2.22, ΨP and ΨT represent the poloidal and
toroidal magnetic flux respectively and the relationship ι = Ψ0P /Ψ0T was used
(primes mean always differentiation with respect to r).
In Boozer coordinates, the parallel gradient (i.e. the gradient along the
magnetic field lines) and the radial drift velocity simplify as follow (for the
detailed calculation see the Appendix):


B
B
∂
∂
·∇ =
ι +
,
(2.24)
B
Bζ
∂θ ∂ζ
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1 + p2 1 ∂B
,
2 Ψ0T B ∂θ

(2.25)

where vd = mv 2 /q. A further simplification in the expressions above can be
introduced if the large aspect ratio approximation is taken into consideration.
In this case, variations of the magnetic field strength are small if compared to
its reference value at the magnetic axis B0 . Therefore, one can take 1/B '
1/B0 in Eq. 2.25. Moreover the covariant ζ component of the magnetic field,
Bζ , can be expressed as:
Z
1
1
IP
=
B0 2πR0 = B0 R0 .
(2.26)
B· dl '
Bζ =
2π
2π l
2π
Hence, in Eq. 2.24 one can approximate B/Bζ ' 1/R0 . By taking into account
all these simplifications, equation 2.20 reads:


pv
∂
1 + p2 1 ∂B
∂
ι +
f1 + νf1 = vd
ΥfM
(2.27)
R0 ∂θ ∂ζ
2 Ψ0T B0 ∂θ
which is the final expression of the linearized DKE in the plateau regime, that
needs to be solved to find f1 . This equation can be solved analytically if f1
and B are expanded in Fourier components:
X
X
f1 (r, θ, ζ) = ΥfM
fmn (r) exp[i(mθ + nNp ζ)]
(2.28)
−∞<n<∞ −∞<m<∞

X

B(r, θ, ζ) =

X

Bmn (r) exp[i(mθ + nNp ζ)]

(2.29)

−∞<n<∞ −∞<m<∞

where Np is the toroidal periodicity of the stellarator. Now, substituting the
Fourier development of f1 and B in Eq. 2.27 and dropping the term which
is odd in p (since this term will give a vanishing contribution to the particle
flux), one obtains:
fmn

imBmn 1 + p2
vd R0
ν̂
=
0
2
v B0 ΨT | ιm + nNp | 2 p + (ν̂)2

(2.30)

where ν̂ = R0 ν/(v | im + nNp |). fmn is one of the Fourier components of the
analytical solution of the linearized DKE in the plateau regime.

2.4.2

Transport coefficients in the plateau regime

The analytical expression of the mono-energetic radial transport coefficient
(D11 ) and then of the thermal transport coefficients (L11 and L12 ), can be
obtained from fmn computed in the previous subsection. To begin with, the
expression of D11 found in section 2.2 (Eq. 2.14) is rewritten as a function of
f1 , by making use of Eq. 2.17:
Z 1

1
f1
D11 = −
dp
vdr .
(2.31)
2
ΥfM
−1
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Thanks to the large aspect ratio approximation, the real-space Jacobian can
be considered constant. Using the Fourier expansion of f1 and vdr and the fact
that complex exponentials of the Fourier series are an othonormal basis, one
gets:
D11

1
f1
vdr
dζ
dp
ΥfM
0
0
−1
Z
X
1 1
−
dp fmn (vdr )−m−n
2
−1
−∞<n<∞ −∞<m<∞
X
X
=
(D11 )mn .

1 1
'−
2 4π 2
X
=

Z

2π

2π

Z

Z

dθ

−∞<n<∞ −∞<m<∞

Therefore, now the quantity to compute is:
(D11 )mn

1
=−
2

Z

1

dp fmn (vdr )−m−n

(2.32)

−1

where
(vdr )−m−n ' −vd

1 + p2 1
i(−m)B−m−n .
2 Ψ0T B0

(2.33)

Substituting equation 2.33 and 2.30 in the expression of (D11 )mn , one obtains:

(D11 )mn

1 vd2
R0
m2 Bmn B−m−n
=
8 v B02 (Ψ0T )2 | ιm + nNp |

Z

1

−1

dp (1 + p2 )2

p2

ν̂
.
+ (ν̂)2

(2.34)

Since ε3/2  ν ∗  1, the main contribution to the radial particle flux is the
lowest order term in the collisionality expansion (i.e. O(ν 0 )) and then one can
write:
ν̂
lim 2
= πδ(p),
(2.35)
ν̂→0 p + (ν̂)2
obtaining ultimately the analytical expression of (D11 )mn in the plateau regime:
(D11 )mn =

π vd2
R0
m2 Bmn B−m−n
.
8 v B02 (Ψ0T )2 | ιm + nNp |

(2.36)

Once this expression is known, the thermal transport coefficients can be computed. They can be written as:
Z ∞
X
X
√
2
√
dK K exp−K (Dij )mn hi hj
Lij =
π 0
−∞<n<∞ −∞<m<∞
X
X
=
(Lij )mn .
−∞<n<∞ −∞<m<∞
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Now, by substituting the expression of (D11 )mn in the equation above and by
solving the integral, the expressions of (L11 )mn and (L12 )mn are found:


(L11 )mn

4
=√
π



(L12 )mn

12
=√
π

2T
mp

3/2

2T
mp

3/2

m2 Bmn B−m−n
π m2p
R0
,
8 q 2 B02 (Ψ0T )2 | ιm + nNp |

(2.37)

m2 Bmn B−m−n
π m2p
R0
,
8 q 2 B02 (Ψ0T )2 | ιm + nNp |

(2.38)

where mp is the particle mass. To compute L11 and L12 general information
about the device (such as the magnetic configuration (Bmn , Ψ0T ), the major
radius R0 , the magnetic field strength at the magnetic axis B0 , the rotational
transform ι etc.) are needed. Moreover, one information about the plasma
state is needed, that is the particle temperature profile. That is why these
coefficients are sometimes called “thermal”. One should also note that L11
and L12 depend on the radial position. Fig. 2.3 shows typical profiles of the
mono-energetic radial transport coefficient D11 and of the thermal coefficients
Li11 and Le11 for a ECRH discharge of the TJ-II stellarator.

Figure 2.3: Right: mono-energetic radial transport coefficient D11 multiplied
by q 2 m−2 v −3 , computed in the plateau regime approximation for discharge
#42712. Left: ions and electrons thermal transport coefficient computed with
equation 2.37 and 2.38 for discharge #42712 (ECRH plasma). Note the influence of the temperature profiles on the thermal transport coefficients (electrons
have a peaked T profile, whereas ions have a hollow T profile).
At this point the radial electric field from the ambipolarity condition can
be computed by using equation 2.16. Lb11 ,Lb12 and δb = Lb12 /Lb11 −3/2 = 3/2 are
known from the analytical calculation, whereas the density and temperature
profiles are obtained from experimental measurements.

26

2. Basics: neoclassical transport and radial electric field in stellarators

Chapter 3
Experimental Setup
3.1

TJ-II stellarator

TJ-II is a four-period, heliac type stellarator (i.e. a stellarator with a toroidally
helical magnetic axis). In TJ-II, the magnetic trap is obtained by means
of various sets of coils that completely determine the magnetic surfaces (see
Fig. 3.1a). The toroidal field is created by 32 torodial coils [34]. The threedimensional twist of the central axis of the configuration is generated by a
helical coil, which is twisted around a circular coil that travels circularly in the
toroidal plane. The position of the magnetic axis is controlled by the vertical
field coils. The combined action of these magnetic fields generates bean-shaped
magnetic surfaces that confine the plasma particles, avoiding their collision
with the vacuum vessel wall. The main parameters of the machine can be seen
in table 3.1. The working gases are hydrogen, deuterium or helium. TJ-II
has been in operation since 1998 at Ciemat, Laboratorio National de Fusion,
Madrid.

(a) Coil system

(b) Sectors

Figure 3.1: TJ-II magnetic coils and the segments of the device [34]
The vacuum vessel is subdivided into four identical sectors or quadrants, corresponding to the 4-fold symmetry of the machine (see Fig. 3.1b). The vessel
27
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Parameter

Value

Major radius, R (m)

1.5

Average minor plasma radius, a(m)

≤ 0.22

Magnetic field strength, B(0) (T)

≤ 1.1

Pulse duration time, tpulse (ms)

≤ 300
0.9 ≤ ι(0)/2π ≤ 2.2

Rotational transform
Plasma volume (m3 )
Electron density, ne (0) (m

≤ 1.1
−3

)

Electron temperature, Te (0) (keV)

≤ 6 × 1019
≤2

Table 3.1: Values for characteristic plasma parameters for different discharges.
provides very good access to the plasma, since each sector is subdivided into
eight segments and each segment has two or three viewports, labelled ’TOP’,
’BOTTOM’, or ’SIDE’ [35]. Moreover, segments 1 and 8 of each sector have
an extra tangential viewport, labelled ’TANG’. As a consequence, TJ-II is
equipped with numerous diagnostic systems (passive and active) that are installed in its 96 access windows [36].
In order to create and maintain its plasma, a magnetic confinement fusion
(MCF) device needs heating sources. The TJ-II is equipped with two Electron Cyclotron Resonance Heating (ECRH) gyrotrons and two Neutral Beam
Injectors (NBI). ECRH takes advantage of the resonance between radio frequency waves and the cyclotron motion of electrons to heat the plasma. In
particular, the two TJ-II gyrotrons are launching waves at 53.2 GHz in the
2nd harmonic and with X-mode polarisation, each of them delivering up to
250 kW to the plasma [37]. The power is transmitted to the plasma by two
quasi-optical transmission lines [38] reaching the vacuum vessel in sectors B3
and A6. On the other hand, the NBI system heats the plasma by injecting
high-energy neutral atoms that, once ionised, will transfer their energy to the
plasma by Coulomb collisions. In the TJ-II where the nominal working gas is
hydrogen, each NBI can produce ≤120 ms of neutral hydrogen accelerated to
≤32 keV to provide up to 1.1 MW of additional power. [34]. NBI 1 is located in
sector D8 and is a co-injector, while NBI 2 is located in sector C1 and injects
particles counter to the plasma flow.

3.2

TJ-II main systems and diagnostics

Several diagnostics are installed in TJ-II to measure the main plasma parameters. Density and temperature profiles are provided by the Thomson Scattering
system (TS), that is installed in sector D2 [39] (see Fig. 3.2). TS takes advantage of the elastic scattering by free charged particles (electrons) of a laser
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beam launched into the plasma. The intensity of the elastic scattered light
depends on the local electron density, while its Doppler shift is related to the
electron velocity distribution function. Assuming a Maxwellian distribution
function, then it is possible to obtain the electron temperature profile at a
single time in the discharge (together with the electron density profile from
the light intensity). However, very low density regions (like plasma edge) are
not a target for reliable measurements for TS, due to very low signal and the
optical design of the TS [36].
The electron temperature time evolution at different radial positions (from
the plasma core up to r = 0.75a) can be obtained by Electron Cyclotron
Emission (ECE) [40]. ECE is a passive diagnostic that detects the radiation
emitted by electrons due to their gyromotion. From this signal, information
about the electron temperature can be exctracted. The measurements are
performed from the low field side (LFS) between sectors C4 and C5, but most
of the channels receive radiation from the high field side (HFS) as well [34].
When the density is above a certain threshold (ne > 2×1019 m−3 ), the cyclotron
radiation emitted by electrons is reflected back without reaching the detecting
system [36]. Therefore, ECE cannot be used for NBI heated plasmas when the
density is high.
Time evolution of the central ion temperature can be detected by a Charge
Exchange Neutral Particle Analyzer (CX-NPA) [41], present in sector A8
(Fig. 3.2). The CX-NPA measures the energy spectrum of plasma ions along
one line-of-sight and the ion temperature at one radial position can be calculated from this spectrum assuming a Maxwellian energy distribution

Figure 3.2: Bird’s-eye view of TJ-II with its associated diagnostics.
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function [34]. Moreover, time evolution of the line-integrated electron density
can be obtained through a microwave interferometer present in sector B8.
The radial electric field can be estimated through two main diagnostics
in TJ-II: the Heavy Ion Beam Probe (HIBP) and the Doppler Reflectometer
(DR). Further details on these diagnostic systems will be given in subsections 3.2.2 and 3.2.3.

3.2.1

Pellet injector and its associated diagnostics

The pellet injection (PI) system, installed on TJ-II in sector B2 (Fig. 3.2), has
been developed and built in collaboration between the Oak Ridge National
Laboratory (ORNL) and CIEMAT [42]. The PI system in TJ-II is a fourbarrel system with a cryogenic refrigerator for in situ pellet formation [43]. It
allows launching fuel pellets (hydrogen) into the plasma at velocities between
800 and 1200 m/s. As the triple point of H2 is about 14 K, operational temperatures of ∼ 10 K at the pellet formation location are mandatory for reliable
formation of solid pellets [36]. Pellets with diameters between ∼ 0.4 and 1 mm
can be produced in the PI system (see table 3.2).
The sizes of the required pellets was determined by several factors. During
ECR heating, small pellets of ∼ 3.1 × 1018 particles are used to avoid raising
the density above the gyrotron cut-off limit (∼ 1.7 × 1019 m−3 ), above which
the ECR waves are reflected, and therefore plasma heating is inefficient [44].
At the same time, during NBI heating larger pellets up to ∼ 4.2×1019 particles
are required to penetrate to the plasma centre and to create the high-density
target plasmas needed for efficient NBI heating [42].
Nominal size (mm)

Number of particles

Barrel 1 (type 1)

0.42

≤ 3.1 × 1018

Barrel 2 (type 2)

0.66

≤ 1.2 × 1019

Barrel 3 (type 3)

0.76

≤ 1.9 × 1019

Barrel 4 (type 4)

1.00

≤ 4.2 × 1019

Table 3.2: Number of particles that correspond to the nominal size of the
pellets for L/D = 1, L being the length and D the diameter of the pellet [36].
A schematic view of the pellet injection system is found in Fig. 3.3. The
system consists of a gun box in which pellets are created at 10 K and a gas
propellant system for pellet acceleration [44]. The injection line is equipped
with two diagnostics through which pellets pass before reaching the plasma.
The first is a light gate (LG) which consists of a continuously light emitting
diode (LED) and a phototransistor, diametrically opposed. When the pellet
crosses through the light beam, it causes a reduction in the signal in the phototransistor. In this way it is possible to verify successful pellet break away and
to determine a time signal needed for the speed. The second diagnostic that
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Figure 3.3: The TJ-II pellet injector. Left: A cross-section of the TJ-II vacuum
chamber. Right: The vacuum chamber where pellets are formed plus in-line
pellet diagnostics. The flight paths for a type-4 and type-3 pellets are shown
as dashed and dot-dashed black lines, respectively [44].
pellets cross is a microwave cavity (MC) developed in order to measure the
pellet mass. The MC is a toroidal cavity and monitors all four guiding tubes
at the same time. When the pellet crosses the microwave cavity, it shifts the
resonant frequency to lower values. As the amplitude of the frequency shift is
proportional to the pellet mass, the number of particles in the pellet can be
estimated. Additionally, the time dependency of the signal gives the second
time instant needed to identify pellet speed (note: the distance between the
LG and the MC is 0.585 m). A frequency of 10.92 GHz is used to detect pellets
of this size range (∼ 0.4 - 1 mm) [42]. A detailed description of this type of
mass detection microwave cavities is given in reference [45].
After passing through the microwave cavity, a pellet reaches the plasma
where the ablation process (i.e. the progressive removal of material from the
surface of the cryogenic pellet) starts. To characterize the ablation process,
which is far to be completely understood, models based on neutral gas shielding are generally utilized [18]. According to these models, plasma electrons
impact on the pellet creating a cloud of neutral atoms that surrounds, and
travels along with, the pellet. Then, the ablated fuelling material is ionized by
the background plasma particles (which transfer their energy to the neutral
atoms), being able to stream out along the magnetic field lines [46]. The neutral shielding could will be mantained as long as sufficient pellet mass remains
to sustain it. Finally, once the pellet is fully ablated, the cloud dissipates,
the local density quickly equilibrates and pellet material diffuses around the
plasma [46].
When the pellet enters the plasma, one can follow the temporal evolution of
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the pellet ablation by looking at the Balmer Hα light (λ = 656.28 nm) emitted
from the neutral cloud surrounding a pellet. In order to record Hα signals,
optical fibre based diagnostic systems have been installed outside nearby upper
(TOP INNER and TOP OUTER), rear (SIDE) and tangential (TANG) optical
viewports (see Fig. 3.3). These systems consist of a 5 m long, 600 µm diameter
optical fibre, with a Hα filter having central wavelength of 660 nm +/- 2 nm,
fullwidth at half maximum (FWHM) of 10 +/- 2 nm, and peak transmission
≥ 50% [44]. In this way, it is possible to follow the temporal evolution of the
pellet ablation and the light emission from the neutral cloud.

3.2.2

Heavy Ion Beam Probe (HIBP)

The HIBP diagnostic is a unique tool for plasma research. It can measure
simultaneously the electric plasma potential φ and the electron density ne (as
well as their fluctuations) with high temporal (∼ 10 µs to scan from ρ = 1 to ρ = 1, where ρ = r/a is the normalised radius) and spatial (∼ 1 cm)
resolution [47]. HIBP is based on the injection of heavy ions across the confining magnetic field. In TJ-II, Cs+ ions are accelerated to high energies (100150 keV) and injected as a continuous narrow jet into the plasma column. As
the injecting Cs+ particles pass through the plasma, some of them interact
with plasma particles (mainly electrons) and lose an electron to produce a fan
of secondary ions (Cs++ ) [48], which is more strongly deflected by the magnetic
field (since the secondary ions have a smaller Larmor radius, rL = mv⊥ /|q|B).
One can obtain information about the plasma parameters from the secondary
ion beam properties: the intensity is related to the electron density and the
energy to the plasma potential. Only the secondary ions, created in a relatively
small volume (sample volume) and passing through a small aperture of an analyzer, are detected. The position of the sample volume can be moved over
the plasma cross-section by varying the probing-beam energy, or the poloidal
entrance angle [48]. In this way it is possible to measure φ and ne over the
entire radial profile.
Two HIBPs are installed in TJ-II, number 1 in sector B4 and number 2
in A4 (see Fig. 3.2). They are able to detect both the electric potential local
fluctuations (when they are kept fixed, measuring at one radial position) and
the electrostatic potential radial profile (when they are scanning one toroidal
section). In this way, the radial electric field can be estimated by taking the
radial derivate of the electrostatic potential profile. TJ-II HIBPs are composed
of two main parts (see Fig. 3.4): the injector of the primary beam and the
analyzer of the secondary particles. HIBP 1 is equipped with a 2-slit analyzer,
while HIBP 2 with two 5-slit analyzers, allowing different radial arrangement
of the measured points (see Fig. 3.4). The two probes are injecting the beam
at two toroidally symmetric positions. The primary beam current ranges from
10-100 µA and the secondary current is up to 20 nA. Further details about
the HIBP injection, detection and data acquisition and control system are
addressed in reference [48]. In this work, only HIBP 1 will be used.
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Figure 3.4: Schematic of the HIBPs installation on TJ-II. HIBP 1 is equipped
with a 2-slit analyzer, while HIBP 2 with two 5-slit analyzers. The different
radial arrangement of the measurement points is depicted [49].

3.2.3

Doppler reflectometer

A Doppler reflectometer system is installed in sector C6. Doppler reflectometry
makes use of the backscattering of a microwave beam launched obliquely into
the plasma. The backscattered signal has a Doppler shift which depends on
the velocity of the plasma turbulence and on its wave number. From the
Doppler shift it is possible, then, to measure the perpendicular (to the magnetic
field) velocity of density fluctuations u⊥ and from this the radial electric field
Er = u⊥ B [50]. Varying the frequency of the launched beam (it can range
from 33 to 50 GHz), one can obtain time evolution of the radial electric field
at different radial positions, as the backscatter takes place at a value of the
density (and therefore at a radial position) which depends on the frequency.
A schematic view of the Doppler reflectometer system installed in TJ-II is
shown in Fig. 3.5. The system consists of a circular choked-corrugated antenna,
which emits a microwave beam that is reflected by a steerable ellipsoidal mirror
to the plasma. The mirror is needed to focus the microwave beam (obtaining
plane wavefronts) to the region where backscattering takes place and to change
the angle of incidence between beam and plasma [51]. As shown in Fig. 3.5,
the mirror allows positive or negative incidence angles of the incident beam or
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Figure 3.5: Schematic drawing of the Doppler Reflectometer System of TJ-II. Three
different mirror angles with
resulting beams are shown.
The rays are calculated using
the 3D ray/beam-tracing code
TRUBA. The higher the frequency of the beam, the deepest the penetration into the
plasma [51].

perpendicular incidence.
Fig. 3.6 shows an example of typical spectra of the complex amplitude signal
from the DR system for four different microwave frequencies at low density [(1)(4): #20281, hne i ≈ 0.5 × 1019 m−3 ] and one at higher density [(5): #20277,
hne i ≈ 0.7 × 1019 m−3 ]. The Doppler shift fD is calculated by fitting the
respective spectrum with a Gaussian and by looking at the shift between the
peak of the Gaussian and f = 0. The radial electric field at the position where
the beam was backscattered is obtained through the following formula:
Er = ±u⊥ B = ±

2πfD
B,
k⊥

(3.1)

where k⊥ is the perpendicular (to the magnetic field) wave number and u⊥ the
perpendicular velocity of density fluctuations. The plus or minus sign is used

Figure 3.6: Doppler shifted power spectra for four different microwave frequencies [(1): 33.5 (2) 38.0 (3) 39.5 (4) 41.0 (5) 34.0 GHz] for a low-density
ECRH plasma [(1)-(4): #20281] and for a higher density ECRH discharge [(5):
#20277]. The inset shows the density profiles of the discharge measured by
AM reflectometry (thick lines) with their respective fits (dotted lines) of the
form of Eq. 4.2 [50].
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when the microwave entering the plasma has a positive or negative launch
angle (i.e. the beam inclination with respect to the perpendicular incidence),
respectively. The launch angle is negative (positive) when the beam is reflected at negative (positive) R⊥ (see Fig. 3.5). Therefore, to compute Er
the perpendicular wave number is needed. To obtain k⊥ (and also the radial
backscattering position of the wave), the ray/beam-tracing code TRUBA [52]
is employed. To run this code the knowledge of the density profile is required
and, for this purpouse, density profiles from the AM reflectometer [53] are
used. As an example, the inset of Fig. 3.6 shows the measured profiles (thick
lines) of the two discharges aforementioned with their respective fits (dotted
lines). The fitting functions used for the density are of the form:
n(ρ) = n0 (1 − ρα )β ,

(3.2)

where n0 is the density at the plasma centre and α and β are two parameters
describing the shape of the profile.

3.2.4

Soft X-radiation detectors

The low energy X-ray emission from the plasma can be measured with a set
of detectors and cameras installed in the TJ-II. To measure the X-ray spectra,
two multichannel soft X-rays detectors [54] (placed in sector C1 and D8) are
used, along with a Ge detector (sector C3) [55]. Each multichannel detector
consists of four silicon photodiode arrays and four beryllium filters of different
thicknesses (23, 31, 53 and 76 µm), as shown in Fig. 3.7. These detectors have
an extremely high time response and are able to measure the integrated X-ray
power above a threshold energy determined by the thin Be foil placed in front
of the detectors [20]. Also, five diode arrays cameras (located at sector A2) are
used for tomographic reconstruction [55]. Measurement of low energy X-ray
emissivity is an important tool to study various phenomena in fusion plasmas,
including impurity transport.
In the TJ-II plasma different impurities (such as Li, B, C, O etc.) are
present. To take into account the presence of multiple ion species in the plasma,
an “effective charge” of all the ions, Zef f , is usually considered. The definition
of Zef f makes use of the overall charge neutrality of the system as given by
X

nj Zj = ne

(3.3)

j

where the sum is over all ion species, Zj represents the charge number of the
ion species j and nj the density of the ion species j. Using this relation, Zef f
is defined as follows:
P
P
2
2
j nj Zj
j nj Zj
.
(3.4)
=
Zef f = P
ne
j nj Zj
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Figure 3.7: Schematic view of TJII toroidal section and viewing
cones from the soft X-rays detection system installed in sector
C1. On the right a close-up of
the multichannel detector system
is depicted. The detectors head is
composed by four AXUV photodiodes. They have a thin protective
entrance window and for the energy region of interest (0.8-4.0 keV)
they have an almost linear response
(0.27 A/W). Each detector has an
individual collimator tube, made of
stainless steel [56].
The effective ion charge gives information about the impurity content in the
plasma: for Zef f > 1 impurities are present in the plasma, while Zef f = 1
indicates a pure plasma (without impurities). The idea then is to use Zef f
to estimate how much pellet injection is affecting the impurity content in the
plasma.
In this work Zef f is estimated by using the radiation code IONEQ [57]. To
run this code, an initial guess on the impurity species present in the plasma
and on their density has to be done. Then, by using the electron density and
temperature profiles measured experimentally, different equations are solved:
the stationary balance equations of each ion species, which give the fractional
abundances of the ionization stages in coronal equilibrium; the equation giving
the neoclassical impurity radial flux; a set of equations that are able to calculate
the soft X-radiation power emitted by the plasma and trasmitted through the
filters, etc. Once these equations are solved, the radial distribution of the
impurities ion densities in coronal equilibrium is obtained and from that the
effective ion charge. Ultimatelly, the soft X-ray power transmitted through
the filters calculated with IONEQ and the experimental values detected by
the soft X-ray are compared: if a good agreement is found, then the initial
guess can be considered valid.
In this work, the absolute values of Zef f calculated with the TJ-II soft
X-ray data are not fully trustable, as an additional calibration of the soft Xray detection system has to be carried out. However, relative values between
different Zef f are considered to be more reliable.
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TJ-II plasmas

A typical plasma with ECRH has a central density up to 1.7 × 1019 m−3 and
electron temperature in the centre of the plasma up to 2 keV (note: these values are not achieved concurrently). With additional NBI heating plasmas with
n(0) ≤ 6 × 1019 m−3 are achieved while the central electron temperature drops
to 300 eV. The majority ion temperature, Ti (0), is ≤ 150 eV for both heating
schemes. The standard magnetic configuration used is the so-called 100 44 64,
where the labeling refers to the amount of current in the coils.
Fig. 3.8 shows a typical TJ-II plasma discharge with ECR heating. The electron temperature in the core is around the typical value of 1 keV, while the
ion temperature is much lower (about 0.07 keV). The line-averaged electron
density can be quite stable, assuming values around 0.6 × 1019 m−3 .

Figure 3.8: Representative parameters for a standard TJ-II ERCH plasma.
The colour codes are: line-averaged density [1019 m−3 ] in blue, electron temperature at the plasma centre [keV] in green, ion temperature at the plasma
centre [eV] in red and gas puffing valve voltage [V] in yellow.

Figure 3.9: Typical Thomson scattering profiles of a ECRH plasma in TJ-II
(TS at t = 1251 ms).
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In this discharge both the gyrotrons were heating the plasma with a nominal
power of 250 kW each.
Fig. 3.9 shows Thomson scattering electron density and temperature profiles
of the discharge above-mentioned. As one can see from the picture, electron
temperature is peaked around the plasma core, while the electron density profile is hollow at ρ = 0.
On the other hand, the plasma mainteined by NBI heating is quite different
from that during ECRH. Fig. 3.10 shows the typical density and temperature
time evolution of a plasma discharge with NBI heating in TJ-II. When both the
NBIs are operating, the line-averaged electron density ramps up immediatly,
increasing later at an almost constant rate. Conversely, when hne i overcomes
the density cut-off limit, the ECE signal (which is giving the electron temperature) drops to zero, as the radiofrequency waves emitted by the electrons are
reflected back without reaching the collecting antenna.

Figure 3.10: Representative parameters for a standard TJ-II NBI plasma. The
colour codes are line-averaged electron density [1019 m−3 ] in blue and electron
temperature at the plasma centre [keV] in red.

Figure 3.11: Typical Thomson scattering profiles of a NBI plasma in TJ-II
(TS at t = 1131 ms).
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Also, a clear difference between ECRH and NBI plasmas is shown in Fig. 3.11,
where Thomson scattering electron density and temperature profiles of this
typical NBI discharge are depicted. In this case, the electron density profile
is peaked around the plasma core, whereas the electron temperature profile is
quite flat.

3.4

Conclusion

In this chapter the most significant features of the TJ-II stellarator and different diagnostics have been reviewed. These were the pellet injection system, the
Heavy Ion Beam Probes, the Doppler Reflectometer and the soft X-radiation
detectors, for the key role that they have played in this work. Also, typical
TJ-II plasma discharges during both ECR and NBI heating were shown.
In the next chapter, both the experimental and the computational results of
this work will be presented. The main results consist in the radial electric
field profiles before and after pellet injection and in the time evolution of the
effective ion charge for both ECR and NBI heated plasmas.
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Chapter 4
Results
In this chapter the main results of this work will be shown both for an ECR
and a NBI heated plasma. Initally the selected discharges along with the
temperature and density profiles will be described. Then, the methodology
implemented to obtain the radial electric fields will be outlined. Later, the
experimental radial electric field profiles before and after pellet injection will
be analysed, together with the Er profiles predicted by neoclassical theory.
Finally, the effective ion charge behaviour after pellet injection will be shown
and analysed.

4.1
4.1.1

ECRH plasma
Discharges and characteristic profiles

Discharge #42712 is chosen to study the Er change after pellet injection when
plasma is heated by ECR (both gyrotrons on-axis, each of them injecting
240 kW to the plasma). The working gas is hydrogen and only HIBP 1 is
scanning over the radial profile. Along this discharge, two pellets are injected:
the first one is a type-1 pellet and it enters the plasma at t = 1107.1 ms, whereas
the second one is a type-2 pellet and it enters the plasma at t = 1125.8 ms
with a speed of about 917 m/s. Both the injected pellets are small, since a
non-perturbative plasma variation is required (larger pellets could bring the
plasma to another confinement state after injection). The effect of the second
pellet, which is composed of about 6.77 × 1018 hydrogen atoms, is analysed.
Fig. 4.1 shows the time evolution of the line-averaged density and electron
temperatures at different radial positions during the injection of the type-2
pellet. As the pellet ablates in the plasma, the electron temperature drops
sharply while the electron density increases. As Fig. 4.1 illustrates, these
changes are introducing a minor pertubation in the plasma, since Te and hne i
relax back to the pre-injection values. Also, Fig. 4.1 shows that the relaxation
back of the electron temperature has different characteristic times with respect
to the radial position: in the core (yellow line) Te takes around 13 ms to return
to the before injection value, while closer to the edge (blue line) it takes only
41
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Figure 4.1: Time evolution of the line-averaged density (purple line) and electron temperatures from ECE at ρ = 0.01 (yellow line), ρ = 0.35 (orange line)
and ρ = 0.65 (blue line) during the injection of a type-2 pellet in discharge
#42712. The vertical dashed lines indicate the time at which TS is carried out
(black) and the time at which the pellet reaches at the plasma edge (green).

about 2 ms. In this discharge, Thomson scattering profiles are collected at
t = 1128.4 ms. At this time instant the electron temperature at ρ = 0.65 is
already back to its pre-injection value, whereas Te in the core is still cooled
down.
Fig. 4.2 shows the Hα emission radial profile, which is related to the ablation
profile of the second pellet. As one can note from the picture, the ablation
takes place between ρ = 0.8 and ρ = 0.25.
The effect of pellet injection on the temperature and density profiles is shown

Figure 4.2: Hα emission radial
profile of the type-2 pellet fired
during discharge #42712. The
injected pellet contains around
6.77 × 1018 hydrogen atoms and
has a speed of about 917 m/s.
The red and blue lines represent
the Hα emitted light detected
by the side and top optical fibre, respectively.
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in Fig. 4.3. Electron temperature and density profiles are measured by TS.
The profiles after injection are taken at t = 1128.4 ms (i.e. about 2.6 ms after
the pellet reaches the plasma edge). To obtain the Te and ne profiles before
injection, an equivalent discharge (#42711) during which TS was carried out
immediately before pellet injection (t = 1120 ms) is used. The ion density
profile is assumed to be equal to the electron one because of charge neutrality.
Since the plasma is heated by ECR, the ion temperature profile is assumed to
be proportional to the density one and it is computed as follows:
Ti (ρ) =

Ti (0)
· ne (ρ).
ne (0)

(4.1)

The time evolution of the core ion temperature is measured by the chargeexchange neutral particle analyzer. From that, the Ti profiles before and after
injection can be estimated (as shown in the bottom graphs of Fig. 4.3). Fig. 4.3
shows also that pellet injection causes an increase of the electron density immediately after the ablation, without changing the profile shape. Conversely,
the electron temperature profile changes, assuming lower values only in the
core region (ρ < 0.5). In reality, the Te reduction occurs also at larger radial

Figure 4.3: Top: TS profiles of electron density (right) and temperature (left)
before injection (#42711) - red lines - and after injection (#42712) - blue
lines. Bottom: time evolution of the central ion temperature (left) and ion
temperature profiles (right) computed with the formula in the inset. The
vertical dashed lines indicates the BI and AI time considered for Ti (0).
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positions (as showed in Fig. 4.1); the Thomson scattering system does not
detect this decrease since the laser beam was launched 2.4 ms after ablation
of the pellet, when Te for ρ > 0.3 already relaxed back to the pre-injection
values.

4.1.2

Extraction of experimental radial electric fields

In this paragraph, the method used to obtain the radial electric field profile
from the HIBP is shown. Also, the procedure implemented to estimate the
radial electric field from DR signals is discussed.
Radial electric field from HIBP
The radial electric field is obtained from the electrostatic potential radial profile
measured by the HIBP. The electrostatic potential scanned by HIBP 1 in discharge #42712, along with the corresponding radial position, the line-averaged
electron density and the electron temperature time evolution at ρ = 0.19, are
plotted in Fig. 4.4. As we can see from Fig. 4.4, HIBP 1 is scanning from ρ = 1
to ρ = −1. At the plasma edge (i.e. | ρ |' 1) the electrostatic potential signal
is very noisy, limiting its usage in this region. Also, one can note that φ its
quite symmetric with respect to the plasma center, as it should be since the
electrostatic potential is approximately a constant quantity in a magnetic flux
surface. The abrupt change of density and electrostatic potential due to pellet
injection occurs at about t = 1126 ms (about 200 µs after the pellet enters the

Figure 4.4: Time evolution of the electrostatic potential [kV] scanned by HIBP
1 (blue line), of the corresponding radial position (green line), of the lineaveraged electron density [1019 m−3 ] (orange line) and of the electron temperature [keV] measured by ECE at ρ = 0.19 (purple line) for discharge #42712.
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plasma). To build the radial electric field profile before injection, the φ signal in 1120 ≤ t ≤ 1124 ms is used, since the line-averaged density in that time
interval is almost constant and corresponds to the same value assumed just before injection. In this time window HIBP 1 is scanning from ρ = 0 to ρ = −1.
A radial symmetry with respect to the plasma centre (i.e. φ(−ρ) = φ(ρ))
is assumed, allowing then to consider HIBP 1 scanning between ρ = 0 and
ρ = 1 in 1120 ≤ t ≤ 1124 ms. To compute the radial electric field profile after
injection the electrostatic potential between t = 1128 ms and t = 1132 ms is
considered, as ρ is going from zero to one in that time interval.
It should be noted that before injection the line-averaged density and temperatures are almost stationary. Hence, the φ radial scan, which was carried
out by HIBP in a certain time window, can be considered as a snapshot of the
electrostatic potential radial profile at one t. On the contrary, after injection
plasma density and temperature are far from constant. Therefore, the φ radial
scan from HIBP cannot be considered as an exact snapshot at one time instant, since those φ values are characteristic of that particular t at which they
were measured.

Figure 4.5: Left: comparison between φ radial profiles before (blue) and after
(yellow) injection. The fitting curves are also plotted. Right: φ radial profile
before injection, with the upper and lower error profiles.
The selected φ signals in the aforementioned time windows are shown in the
left graph of Fig. 4.5. These profiles were fitted with a spline, imposing to have
the radial derivative (i.e. the radial electric field) equal to zero at ρ = 0 and at
the edge (although the latter condition is not due to any physical constraint).
The right graph of Fig. 4.5 shows the φ radial profile before injection, along
with the fitted curve and the upper and lower error profiles. The upper (lower)
error profile is the spline fit of the upper (lower) envelope of the φ radial profile. The radial derivative of these two curves will be taken as an estimation
of the upper and lower error of the radial electric field. The same procedure
is applied to the φ radial profile after injection to estimate the Er error.
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Radial electric field from Doppler Reflectometer
The method used to obtain the radial electric field from the Doppler Reflectometer (DR) system consists in following the steps described in section 3.2.3.
First the power spectrum of the DR signal at two different time instants
(t = 1123 ms for the before injection case and t = 1128 ms for the after injection case) is fitted with a Gaussian and the Doppler shift is calculated. Then,
the perpendicular wavenumber and the radial position at which backscattering took place (together with their corresponding errors) are computed with
the ray/beam-tracing code TRUBA. Ultimatelly, the radial electric field is
calculated using Eq. 3.1. Since during discharge #42712 microwave beams
at frequencies of 36, 38 and 50 GHz are launched into the plasma, this procedure is repeated for each beam, obtaining thus the radial electric field at
different radial positions. The main values computed for discharge #42712 are
summarised in table 4.1.
Time

f

ρ

∆ρ

(GHz)

Er

∆Er

(kV/m)

(kV/m)

BI

36

0.814

0.027

1.0017

0.13536

BI

38

0.753

0.052

0.4177

0.05680

AI

36

0.849

0.016

-1.9217

-0.25546

AI

38

0.815

0.021

-2.7136

-0.33730

AI

50

0.583

0.021

-2.6883

-0.06527

Table 4.1: Deduced radial electric field and normalised radius (at which
backscattering is taking place) at t = 1123 ms (before injection), when two
microwaves with different frequencies are launched, and at t = 1128 ms (after injection), when three waves with different frequencies are injected, for
discharge #42712.

4.1.3

Analysis and comparison of radial electric fields

In this paragraph the results concerning the radial electric field variation during
pellet injection when the plasma is heated by ECR are discussed.
Fig. 4.6 shows the radial electric field profiles obtained from HIBP and Doppler
Reflectometer for discharge #42712 before and after pellet injection. As the
figure clearly shows, before pellet injection the radial electric field is in the
electron-root (positive values), as is typical for TJ-II ECRH plasmas. After
injection, Er reduces accross almost the entire radial profile, assuming less
positive values in the plasma core (0.15 ≤ ρ ≤ 0.4) and having a transition
to the ion-root for ρ > 0.4. Also, the radial electric field from DR (which is
measuring at radii in the density gradient region, not far from the edge) is
in good agreement with the Er values from HIBP. The reduction of Er after
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pellet injection (and in particular the transition to the ion-root for ρ > 0.4)
could cause an inward flux of impuritiy ions towards to plasma core. As it
will be shown later, this interpretation seems to be in agreement with the Zef f
time evolution after pellet injection.
In Fig. 4.7 time evolution of φ, ρ scanned by HIBP, line-averaged density and

Figure 4.6: Radial electric field profiles obtained from HIBP (blue line before
injection and yellow line after injection) and Doppler reflectometer (magenta
point before injection and red point after injection).

Figure 4.7: Time evolution of ρ and φ scanned by the HIBP1 in discharge
#42712, along with time evolution of the line-averaged electron density and
ECE electron temperature at different radial positions (ρ =0.35, 0.45, 0.53,
0.65). Also Thomson scattering time (red dashed vertical line) and Doppler
reflectometer time after injection (green dashed vertical line) are shown.
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electron temperatures at different radial positions (ρ =0.35, 0.45, 0.53, 0.65) is
depicted, in the time interval after pellet injection of discharge #42712. This
picture shows that when t > 1129.5 ms (i.e. when the ρ scanned by HIBP is
outside 0.5) electron temperatures at ρ > 0.5 have returned to the pre-injection
values. This means that, in principle, the electrostatic potential scanned by
HIBP at those time instants is not fully representative of the situation immedialty after injection. Despite that, the radial electric field from HIBP at
ρ > 0.5 is in an acceptable agreement with the DR data (which were taken
immediately after injection, see Fig. 4.7).

Figure 4.8: Er profiles from experimental data (HIBP and Doppler Reflectometer - red BI and blue AI) and from the ambipolarity of neoclassical fluxes.
Squares represent Er computed using the DKES code (yellow BI and purple
AI), whereas dotted lines indicate Er calculated using the plateau regime approximation (black BI and dark green AI).
Fig. 4.8 compares the radial electric field profiles of discharge #42712 computed from experimental data (HIBP and DR) with the profiles calculated
from the ambipolarity of neoclassical fluxes. Two different neoclassical Er are
shown: one computed analytically using the plateau regime approximation
(see section 2.4) and another calculated numerically using the Drift Kinetic
Equation Solver (for further details on DKES, see [25]). As one can note from
Fig. 4.8, DKES and plateau regime predictions before and after injection are
in disagreement with the experimental observations. In the core (ρ < 0.2) Er
from both DKES and plateau regime approximation decreases after injection
(becoming less positive), while the experimental Er remains approximately
equal to the pre-injection values; on the contrary, for ρ > 0.3 the radial electric
field after injection estimated with DKES and the plateau regime assumption
remains approximately equal to the before injection profile, whereas the ex-
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perimental Er reduces after injection.
The reasons for this disagreement may be multiple. In the first place, one
explaination may be the lack of a precise ion temperature profile which could
have a different shape from the one used (it was assumed to be proportional to
the electron density profile). In the second place, another reason may be the
delay in the TS time after pellet injection (2.4 ms after the pellet is ablated, Te
at ρ > 0.3 has returned to its pre-injection values). Lastly, the inaccuracy of
the equations solved by DKES for large values of the radial electric field could
also play a role in the core region.
Moreover, the Er profiles coming from DKES are in quantitative disagreement
with those estimated using the plateau approximation. A possible explaination could be the inaccuracy of the plateau regime assumption due to the low
values of the electron collisionality during ECR heating.

4.1.4

Impurity concentration

As explained in section 1.5, the change of Er should cause a variation in the
impurity radial flux, affecting ultimatelly impurity concentration. To study
this phenomenon, the effective ion charge Zef f , which is a measure of impurity
content, is analysed during pellet injection. Fig. 4.9 shows the time evolution of
the effective ion charge for discharges #42712 and #42715. In these discharges
pellet injection was carried out during the ECRH phase. Along discharge
#42715 only a type-1 pellet (the smallest pellet) enters the plasma at around
1107 ms, while in discharge #42712 two pellets are fired into the plasma (at
t = 1107 ms and t = 1125 ms). The effect of pellet injections is clearly visible
in Fig. 4.9: initially Zef f drops, then it rises markedly, reaching values larger
than those assumed before injection, and lately reduces again, returing to
values similar to the pre-injection one.

Figure 4.9: Time evolution of the effective ion charge for discharges #42712
(two pellet injections, the first at t = 1107 ms and the second at t = 1125 ms)
and #42715 (one pellet injection at t = 1107 ms).
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Figure 4.10: Time evolution of the effective ion charge (blue line) and of the
line-averaged electron density (red line) for discharge #42712.

Fig. 4.10 could help to understand this particular behaviour. In this figure
the line-averaged electron density and the Zef f time evolutions are plotted
for discharge #42712. As one can observe from this graph, since Zef f ∝
1/ne , the sudden increase of hne i immediately after pellet injection is causing
Zef f to drop dramatically. This is possible if the impurity density remains
constant, because, as fuel particles are injected, the impurity dilution increases
and therefore Zef f goes down. The subsequent steep increase of Zef f , which
occurs about 1.5Pms after pellet injection, is due to a marked rise of the Zef f
2
numerator (i.e
j nj Zj ). The causes of this increase, noticed for the first
time in the TJ-II, are not yet fully understood. Further investigations are
needed to have a firm grasp of this phenomenon. Before giving a possible
interpretation of this Zef f behaviour, a remark has to be done: the plotted
Zef f is representative of the impurity content for ρ . 0.4, since the soft Xray measurements (used to estimate Zef f ) are detecting only the radiation
coming from the core region (ρ . 0.4). Keeping this in mind, a possible
interpretation of the Zef f spike could be the following: as after injection the
positive radial electric field reduces accross the entire radial profile (having
a transition to the ion-root for ρ > 0.4), an inward radial impurity ion flux
may be induced, pushing the impurity ions towards the core. This radial
redistribution of impurities will cause an increase in the impurity ion density
in the core region and therefore an increase in Zef f (which is sensitive to what
happens for ρ < 0.4). At the same time, these impurities reach a hotter
plasma region (in ECRH the electron temperature profile is peaked, see e.g.
Fig. 4.3) and, consequently, they could change ionisation state, increasing their
ion charge Z and therefore Zef f . For instance, B +3 present at ρ > 0.5 may
move in the hotter core and become B +5 . Later, when Er returns to the
positive values assumed before injection, impurity ions accumulated in the
plasma core may be pushed towards the edge region of the plasma, going back
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to the previous ionisation state and bringing the impurity ion density in the
core back to the pre-injection values. As a consequence, Zef f returns to the
before injection values.
Along with this possible radial redistribution of impurities, an increase of
the total impurity ions density nj in the plasma may occur as well. The wall
that surrounds the plasma may release impurities in the transient period after
pellet injection (during which Er becomes negative) and some of these impurities may enter the plasma, increasing nj . However, from these plots it is hard
to realise if nj is increasing or not.
Even more important that the transient behaviour of the impurity concentration is the long-term behaviour. It could happen that, once the plasma
parameters (density, temperature and radial electric field) have returned to the
pre-injection values, the impurity concentration remained higher than before
the injection. Figures 4.9 and 4.10 do not give a clear answer to this question,
since the Zef f level is not compared with another similar discharge where no
pellets were injected. Therefore, to continue this investigation it is suggested
to compare two similar plasma discharges, one with two pellet injections during
ECRH and the other without pellet injection. In this way a deeper insight of
the impurity concentration long-term behaviour may be attained. Moreover, it
is suggested to compare an ECRH plasma discharge, in which a certain density
increase was reached with pellet injection, with a similar discharge, where the
same density increase was reached with only gas-puffing. An analysis of the
final level of Zef f could give an answer to the aptness of pellet injection as a
technique to fuel the plasma during ECRH.

4.2
4.2.1

NBI plasma
Discharges and characteristic profiles

Discharge #45091 is chosen to study the effect of pellet injection on the radial
electric field of NBI plasmas (in this case NBI 1 is co-injecting hydrogen neutrals into the plasma, delivering 515 kW). The working gas is hydrogen and
HIBP 1 is scanning accross the radial profile. During this discharge two pellets
are injected: type-1 during the ECRH phase and type-3 during the NBI phase.
The effect of the second pellet is analyzed. It contains around 1.39 × 1019 hydrogen atoms and it enters into the plasma at about t = 1176.8 ms with a
speed of 1008.5 m/s.
Fig. 4.11 shows the time evolution of the line-averaged density and electron
temperatures at different radial positions during the injection of the type-3
pellet. As the pellet ablates in the plasma (about 200 µs after it enters the
plasma), the line-averaged electron density increases steeply and much more
than in the ECRH case, because of the larger size of the fired pellet. Since
ne overcomes the density cut-off limit, the electron cyclotron emitted waves
are reflected back and do not reach the detector. For this reason, the ECE
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Figure 4.11: Time evolution of the line-averaged density (purple line) and
electron temperatures from ECE at ρ = 0.01 (yellow line), ρ = 0.35 (orange
line) and ρ = 0.65 (blue line) during the injection of a type-3 pellet in discharge
#45091. The vertical dashed lines indicate the time at which TS is carried out
(black) and the time at which the pellet reaches at the plasma edge (green).
signals giving the time evolution of the electron temperature drop to zero after
pellet injection. Hence, only Thomson scattering can be used to measure the
electron temperature. In this discharge, Thomson scattering was carried out
at t = 1177.4 ms, 0.6 ms after the pellet enters the plasma.
Fig. 4.12 shows the Hα emission radial profile, which is related to the
ablation profile of the type-3 pellet. As one can note from the picture, the
ablation takes place inside ρ = 0.7. In particular, the ablation profile has a
marked spike around the plasma core, indicating thus that most of the ablation
takes place in the central region of the plasma.

Figure 4.12: Hα emission radial profile of the type-3
pellet fired during discharge
#45091. The injected pellet
contains around 1.39 × 1019
hydrogen atoms and has a
speed of about 1008.5 m/s.
The red and blue lines represent the Hα emitted light
detected by the side and top
optical fibre, respectively.
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As for the ECRH case, the knowledge of the electron and ion temperature profiles and of the density profile is needed to compare the Er obtained from HIBP
with the one predicted by neoclassical theory. As usual, electron temperature
and density profiles are measured by TS, while the core ion temperature is
measured by the charge-exchange neutral particle analyzer. For NBI plasmas,
the ion temperature profile is assumed to be proportional to the Te one:
Ti (ρ) =

Ti (0)
· Te (ρ).
Te (0)

(4.2)

Also, because of charge neutrality, ne = ni is assumed. To obtain the profiles
before injection, the equivalent discharge #45093 is used. In this discharge
pellet 3 was not fired and TS was carried out at t = 1178 ms: therefore, the
measured profiles are equivalent to those before injection of discharge #45091.
The electron temperature and density profiles before and after injection, together with the ion temperature profile and the Ti (0) time evolution are plotted
in Fig. 4.13. As Fig. 4.13 shows, the density profile is increasing after injection for ρ < 0.6 (where TS data are present), without changing its shape (it
remains flat in the core).

Figure 4.13: Top: TS profiles of electron density (left) and temperature (right)
before injection (#45093) - red lines - and after injection (#45091) - blue
lines. Bottom: time evolution of the central ion temperature (left) and ion
temperature profiles (right) computed with the formula in the inset. The
vertical dashed lines indicates the BI and AI time considered for Ti (0).
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On the contrary, the temperature profile changes its shape after injection: it
becomes hollow in the core, assuming lower values accross the entire radial
profile. The change after injection of both the electron temperature and density profile is consistent with the ablation profile showed in Fig. 4.12, which
reveals that the ablation takes place mainly in the core region. Furthermore,
one should note that TS is not providing data for ρ > 0.6. Therefore, this
region cannot be considered reliable for the calculation of the neoclassical Er .
The bottom left graph of Fig. 4.13 shows the time evolution of the central ion
temperature and the temperature drop immediatly after injection. The Ti (0)
values before and after injection are used to obtain the entire profile.

4.2.2

Extraction of experimental radial electric fields

In this paragraph the method used to obtain the radial electric field from the
HIBP signal is shown, since there is a slight difference with respect to the
ECRH case. Unfortunately, during discharge #45091 the DR system was not
available. Hence, no DR data are shown for this discharge.
Radial electric field from HIBP
As for the ECRH case, the radial electric field is obtained from the electrostatic
potential radial profile measured by the HIBP. Fig. 4.14 shows the electrostatic
potential scanned by HIBP 1 in the discharge #45091, along with the corresponding radial position and the line-averaged electron density time evolution.
Again, HIBP 1 is scanning from ρ = 1 to ρ = −1. The electrostatic potential
is always negative, having a different slope with respect to the ECRH case.
This is a hint of the transition to the ion-root, which is typical of high density
plasmas (such as NBI heated plasmas). As Fig. 4.14 shows, pellet ablation
occurs at about t = 1177.1 ms. To compute the radial electric field profile
after injection the electrostatic potential between t = 1178 and t = 1182 ms is
considered. In this time frame, ρ is going from 0 to -1. As usual, a radial symmetry with respect to the plasma center is assumed, allowing then to consider
HIBP 1 scanning between ρ = 0 and ρ = 1 in this time window.
Contrary to the ECRH case, where Er before injection was computed
by considering a time interval just before pellet injection, in the NBI case
the radial electric field before injection is calculated by looking at a similar discharge (#45093) with the same plasma conditions in the time interval
1178 ≤ t ≤ 1182 ms. This approach is thought to be the more precise, since
the line-averaged electron density in the time frame just before injection of discharge #45091 is changing significantly (increasing of 10%) during the HIBP
scan. For this reason, the corresponding electrostatic potential would not be a
snapshot of the radial profile at one time instant. Fig. 4.14 shows that the lineaveraged electron density of discharge #45093 slightly increases (about 1%)
in the time window 1178 ≤ t ≤ 1182 ms and that it has very similar values to
those assumed in #45091 just before injection. Hence, it can be used to
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Figure 4.14: Time evolution of the electrostatic potential [kV] scanned by
HIBP 1 (blue line), of the corresponding radial position (green line) and of
the line-averaged electron density [1019 m−3 ] of discharge #45091 (orange line)
and #45093 (purple line).

Figure 4.15: φ radial profile before (left) and after (right) injection, together
with the fitted curves.

calculate the electrostatic potential radial profile corresponding to the before
injection situation of discharge #45091. In Fig. 4.15 the φ radial profiles before
and after injection are depicted, together with their spline fits. As one can see
from the picture, φ does not change so abruptly as in the ECRH case. Of
course, this will be reflected in the radial electric field value, as will be shown
in section 4.2.3. The same method implemented in the ECRH case to estimate
the errors is used here as well.
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4. Results

Analysis and comparison of radial electric fields

In this paragraph the results concerning the radial electric field variation during
pellet injection when the plasma is heated by NBI are discussed. Fig. 4.16
shows the radial electric field profiles obtained from HIBP 1 for discharge
#45091 before and after pellet injection. Before pellet injection the radial
electric field is always negative (ion-root), as is typical for high density plasmas
in TJ-II. After injection, for ρ < 0.5 Er slightly increases (i.e. becomes less
negative), while for ρ > 0.5 it remains at the same values. Preliminary analysis
of similar NBI discharges with DR show the same small change of Er at outer
radial positions.

Figure 4.16: Radial electric field profiles obtained from HIBP (blue line before
injection and yellow line after injection) for discharge #45091.
Fig. 4.17 compares the radial electric field profiles of discharge #45091
computed from experimental data (HIBP) with the profiles calculated from the
ambipolarity of neoclassical fluxes. Two different neoclassical Er are shown:
one computed analytically using the plateau regime approximation and another
calculated numerically using DKES. In this case, DKES predictions before
and after injection for ρ < 0.4 are in qualitative and quantitative agreement
with the Er estimated in the plateau regime approximation. Since DKES
is a well-known benchmarked code (see e.g. [14]), one can conclude that the
plateau regime approximation is a valid assumption for this NBI plasma (when
ρ < 0.4). For larger radii, a meaningfull comparison of neoclassical Er is not
possible, since the temperature and density profiles used to compute these
electric fields are valid only for ρ < 0.6. That is why the abscissa of Fig. 4.17
stops at ρ = 0.7.
It is interesting also to compare the trend of the experimental Er with the
neoclassical Er . Before injection both the HIBP and the neoclassical Er are
in the ion-root (negative) for ρ < 0.4. However, they do not assume the
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Figure 4.17: Er profiles from experimental data (HIBP - red BI and blue AI)
and from the ambipolarity of neoclassical fluxes. Squares represent Er computed using the Drift Kinetic Equation Solver code (yellow BI and purple AI),
whereas dotted lines indicate Er calculated using the plateau regime approximation (black BI and dark green AI).
same values, as the neoclassical radial electric fields are much closer to zero
than the HIBP one. After pellet injection, both the experimental and the
neoclassical Er increase for ρ < 0.4: while the HIBP Er becomes less negative,
the neoclassical radial electric fields have a transition to positive values. One
should note, though, that their relative increase is very similar. Amongst
the causes for this disagreement may be the inherent difficulty of determining
the temperature and density profiles before and after injection in a transient
phenomenon. As showed in [46], Te changes almost immediately after a pellet
injection in the whole plasma, while in contrast ne requires longer time to fully
develop. Therefore, as TS profiles were collected 0.6 ms after the pellet enters
the plasma, it may be too early to detect the complete ne increase caused by
the pellet injection.
It is interesting also to realise what term in the neoclassical Er expression is
causing the radial electric field to increase after injection. To show it, the
expression used to compute Er is here rewritten as:
Er = A + B + C
where:
A=

(4.3)

0
Ti Te
i
e n
)
,
(L
−
L
11
e(Li11 Te + Le11 Ti ) 11
n

(4.4)

Ti Te
Ti0
i
δ
,
L
i
e(Li11 Te + Le11 Ti ) 11 Ti

(4.5)

B=
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C=−

Ti Te
Te0
e
L
δ
.
e
11
e(Li11 Te + Le11 Ti )
Te

(4.6)

The plots of these three terms before and after injection are shown in Fig. 4.18.

Figure 4.18: Different addends of the neoclassical Er plotted against ρ before
(red lines) and after injection (blue lines) for discharge #45091. The A term
is proportional to n0e (left), the B term to Ti0 (center) and the C term to Te0
(right).
As one can see from the graphs, the only term which is causing an increase
in the radial electric field after injection for ρ < 0.4 is B (the one related
to the ion temperature gradient). Moreover, this increase is strictly related
with the ion temperature gradient, which passes from zero to a positive values
throughout pellet injection. Of course, the electron temperature gradient has
a similar change, since the Ti profile was taken proportional to the Te one.
However, the C term containing the electron temperature gradient is reducing
after injection, because it is proportional to −Te0 . Since also the experimental
Er is showing the same increase for ρ < 0.4, this is an additional indication
that considering the ion temperature profile proportional to the electron temperature profile (for NBI plasmas) is a valid assumption.

4.2.4

Impurity concentration

As for the ECRH case, the effective ion charge is now analysed to study the
effect of pellet injection on impurity accumulation during NBI heating. Discharges #45091 and #45088 (a discharge equivalent to #45091 but without
pellet injection) have soft X-rays measurements (and therefore Zef f estimations) only for t > 1180 ms. For these discharges pellet injection occurs at
1176 ms and hence a complete analysis of the effective charge time evolution
is not possible. For this reason, discharges #44772 and #44779 are analysed.
In these discharges the working gas was deuterium and hydrogen pellets were
injected, along with neutral beam hydrogen atoms co-injected from NBI1.
Therefore, a mixture of hydrogen and deuterium was present in the plasma
during the NBI heating. In discharge #44772 a type-3 pellet is injected into
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Figure 4.19: Time evolution of the effective ion charge for discharges #44772
(with pellet injection) and #44779 (without pellet injection).
the plasma at t = 1167.5 ms. On the contrary, during discharge #44779 no
pellet is injected.
The time evolution of the effective ion charge of these two discharges is shown
in Fig. 4.19. After pellet injection (discharge #44772) the Zef f drops, since the
electron density increases dramatically after the injection. Lately, the effective ion charge returns to the pre-injection values, without having any sudden
increase (as in the ECRH case). Comparing the Zef f time evolution of discharge #44772 (blue line) with the one of discharge #44779 (orange line),
one realises that pellet injection brings only a transient perturbation to the
Zef f : at t > 1179 ms, the value of Zef f is the same for the two discharges.
This may be consistent with the radial electric field evolution after injection
of discharge #45091: Er was negative before injection accross the entire radial
profile and it stays so after injection (even if it has a small increase - assuming
less negative values - for ρ < 0.5). Nonetheless, to reach a full understanding
of impurity accumulation changes during pellet injection, further analysis on
the effective ion charge are needed also for the NBI case. However, this behaviour of the effective ion charge during pellet injection in NBI plasmas, if
confirmed with further investigations, may suggest that pellet fuelling in ionroot reactor-relevant scenarios will not be a source of impurity accumulation.
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Chapter 5
Conclusions
The radial electric field is one of the main physical parameters governing impurity radial transport in stellarators. Impurity confinement and accumulation,
in turn are critical issues on the way to stellarators development, as they set
a soft density limit to the stellarator operating regime [21]. Therefore, the
radial electric field turns out to be a key physical quantity that could help (or
not) stellarator development. In this work, the effect of pellet injection (which
is a necessary fuel source for stellarators) on the radial electric field is analised.
The TJ-II radial electric field is computed by derivating the φ radial profile
obtained from HIBP with respect to r and by using Doppler reflectometer data.
In ECRH plasmas Er is found to be positive (electron-root) before pellet injection. After injection the radial electric field reduces across the entire radial
profile, assuming less positive values in the plasma core and having a transition
to the ion-root (negative values) for ρ > 0.4. A good agreement between HIBP
predictions and the radial electric field from DR is found. In NBI plasmas Er is
negative before pellet injection and it remains so after it. However, for ρ < 0.4
the radial electric field slightly increases after injection, assuming less negative values. Although the qualitative behaviour is well understood from the
point of view of parameter dependence of neoclassical transport, predictions
from DKES and plateau regime approximation are found to be in quantitative
disagreement with the experimental observations. Among the causes for this
disagreement may be the lack of precise ion temperature profiles, the inherent
difficulty of determining the profiles before and after injection in a transient
phenomenon (in which temperature and density evolve in different time scales)
and the inaccuracy of the equations for large values of the radial electric field.
Comparing the Er changes during ECR and NBI heating, the plasma impurity content could be more affected by pellet injection when the plasma is
heated by ECR. Along this phase, the radial electric field changes from positive (which pushes impurities radially outward) to negative (which drives them
towards the center), which is something that could increase impurity accumulation. The effective ion charge time evolution after injection is in agreement
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with this interpretation. In ECRH plasmas, impurities seem to move radially
inward after pellet injection (reaching ρ < 0.4) and to return in the outer region (ρ > 0.4) long after pellet injection, when Er returns to the pre-injection
profile. Along with this radial redistribution, the total impurity ion density
may increase after pellet injection as well. On the contrary, in NBI heated
plasmas impurity accumulation seems not to be affected by pellet injection.
In conclusion, a transient increase of impurity concentration has been detected in the low-density ECRH plasma of TJ-II (but not in the higher-density
NBI plasma), due to changes in the radial electric field caused by pellet injection. If this kind of transient behaviour led to long-term impurity accumulation
in more reactor-relevant regimes, it could make the application of pellet injection as a plasma fuelling technique more difficult. Therefore, the results of
this work show clearly that further investigations on the impurity concentration behaviour after pellet injection have to be done in the next years.

Appendix
Useful quantities in Boozer coordinates
As already mentioned in 2.4.1, the magnetic field can be expressed in Boozer
coordinates (r, θ, ζ) in its covariant representation as:
B = Br ∇r + Bθ ∇θ + Bζ ∇ζ = Bθ ∇θ + Bζ ∇ζ,

(5.1)

where Br = 0, Bθ = IT /(2π) and Bζ = IP /(2π). IP is the poloidal current
passing through the area S delimited by the tororidal circuit l
Z
Z
(5.2)
µ0 j· dS = B· dl
IP =
l

S

while IT is the toroidal current passing through the area S delimited by the
poloidal circuit l, defined similarly to IP . In stellarators Bθ  Bζ , since
IT  IP . The contravariant representation of B is:
 0

1
Ψ0T
ΨP
Ψ0
B=√
eθ +
eζ = √T (ιeθ + eζ ),
(5.3)
g 2π
2π
g
√
where g is the real-space Jacobian, ΨP and ΨT represent the poloidal and
toroidal magnetic flux respectively and the relationship ι = Ψ0P /Ψ0T was used
(primes mean always differentiation with respect to r).
The relationships between the covariant and contravariant basis are reminded here to help the reader follow the calculations (for further details on
covariant and contravariant basis see [32, 33]):
∇r =
er =

√

eζ × er
er × eθ
eθ × eζ
√ , ∇θ = √ , ∇ζ = √
g
g
g

g ∇θ × ∇ζ, eθ =

√

g ∇ζ × ∇r, eζ =

√
g ∇r × ∇θ

(5.4)
(5.5)

er · ∇r = 1, er · ∇θ = 0, er · ∇ζ = 0

(5.6)

eθ · ∇r = 0, eθ · ∇θ = 1, eθ · ∇ζ = 0

(5.7)

eζ · ∇r = 0, eζ · ∇θ = 0, eζ · ∇ζ = 1

(5.8)
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√
The real-space Jacobian g can be calculated in terms of known quantities
by multiplying the contravariant representation of the magnetic field by B:
Ψ0
B 2 = √T (ιBθ + Bζ )
g

(5.9)

getting then:
√

g = Ψ0T

ιBθ + Bζ
.
B2

(5.10)

The parallel derivative (i.e. the derivative along the magnetic field lines) can
be written as:



1 Ψ0T
∂
∂
∂
B
· ∇ = √ (ιeθ + eζ )·
∇r + ∇θ + ∇ζ
B
B g
∂r
∂θ
∂ζ
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ΨT
∂
∂
B
∂
∂
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ι +
=
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.
B g ∂θ ∂ζ
ιBθ + Bζ
∂θ ∂ζ
Since in stellarators Bθ  Bζ , the parallel derivative can be further streamlined:


B
B
∂
∂
·∇ =
ι +
.
(5.11)
B
Bζ
∂θ ∂ζ
The radial drift velocity in low-β approximation is given by:
vdr

mv 2
1 + p2 (B × ∇B)
2 (B × ∇B)
=
(1 + p )
· ∇r = vd
· ∇r,
2q
B3
2
B3

(5.12)

where vd = mv 2 /q. By using Boozer coordinates:
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where eq. 5.5 were used. Substituting the expression of the Jacobian previously
found:


1 + p2
1
∂B
∂B
vdr = vd
Bθ
− Bζ
2 BΨ0T (ιBθ + Bζ )
∂ζ
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2
1+p 1
Bθ
∂B
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−
2 BΨ0T ιBθ + Bζ ∂ζ
ιBθ + Bζ ∂θ
2
1 + p 1 ∂B
' −vd
2 BΨ0T ∂θ
where in the last passage Bθ  Bζ was used.
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