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Abstract
Transport analysis is of great importance for interpreting and predicting the
plasma behavior in fusion plasmas. The main outcome is transport related
magnitudes, like confinement times and transport coefficients. However, the
difficulty of applying such analysis arises from the need to correctly obtain the
profiles of the particle and heat sources, which are often strongly dependent
on the input parameters, such as gas puffing, recycling and power efficiency
coefficients.
This work aims to study NBI discharges, using ASTRA (Automated System for TRansport Analysis) and other peripheral codes to obtain the particle
confinement time, τp , for different plasma scenarios. In particular, the focus
is given to both, finding the sources, and investigating the dependence of the
particle confinement time on the electron density, to check the expectation
that higher densities accompany higher confinement times [1].
For this purpose a set of discharges with lithium- and boron-coated walls
and with the same magnetic configuration were chosen for the investigation.
The profiles of the electron density and temperature were obtained by means of
an integrated data analysis technique and their edge values were manipulated
within the error range, in order to match the available experimental results.
The obtained profiles and values for the input parameters were given to a file,
which is read by the transport codes.
To regard the obtained particle sources as appropriate, the calculated values
for the Hα and the particle confinement time had to be within the error of the
experimental Hα data and above the energy confinement time, returned by an
NBI Monte Carlo simulation, respectively. For this purpose an edge electron
temperature and NBI current scans were performed, in order to find the range
of possible allowed values for these input parameters.
It was observed that τp falls roughly within the same range of values for both
lithium and boron discharges and that it slightly increases with the electron
density. For this reason it was concluded that the particle confinement time
does not depend on the wall conditioning.
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Chapter 1
Introduction
Controlled thermonuclear fusion has been long considered an alternative solution to humanity’s needs for a sustainable, environmentally friendly and
cost-effective energy source. Described as the process by which nuclei of low
atomic mass combine to form nuclei of high atomic rate, followed by release of
energy, this reaction is roughly three to four times more energy efficient than
fission.
The most promising elements for achieving controlled fusion are two of the
isotopes of hydrogen (H2 ) - deuterium (2 H or D) and tritium (3 H or T).
D + T → α + n + 17.6 MeV

(1.1)

The reason for this is that the cross-section, accompanying the reaction, is
larger, compared to, for example, D-D or D-He3 reactions. However, the crosssection itself can not guarantee the success of the reaction. Very important
criterion for reaching ignition, in other words, a self-sustainable fusion reaction,
is the Lawson criterion or the triple product.
nτE T ≥ 5 × 1021 m−3 s keV

(1.2)

where n is the plasma density, T is the temperature and τE is the energy confinement time. It states that reaching ignition requires an effectively confined
plasma with sufficient density and temperature.
The candidates, regarded as most suitable to meet this requirement, and
currently in operation, are tokamaks and stellarators. Both devices are based
on the concept of magnetic confinement and have toroidal shape and coils,
which wind around their chambers. However, they differ in the way the magnetic field is created. To properly confine the particles and prevent them from
interacting with the walls, the magnetic field lines have to be twisted into a
helical form, so that losses are minimized.
In the case of tokamaks, this is achieved by driving a plasma current parallel
to the toroidal magnetic field. The current creates an additional magnetic
component in the poloidal direction and the combination of both results in
the desired helicity. One of the advantages of this method is the simplicity of
5
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constructing the coils. On the other hand, the driven plasma current leads to
disruptions which can terminate the reaction.
Stellarators, in contrast, rely on complicating the shape of the toroidal coils
to directly create the confining magnetic configuration. This scenario avoids
the current-driven instabilities because the internal plasma currents are small.
On the contrary, it makes them hard to build.
Nonetheless, controlled fusion, regardless of tokamaks and stellarators, encounters various other obstacles, preventing its attainment. The deficiency of
enduring materials which construct the walls of the fusion vessel is crucial for
the durability of the reactor. A proper feedback system, equipment for heating and particle injection, are all required for control, refuelling and preserving
the plasma. Besides all these restrictions, an important characteristic of the
reactor is the energy confinement time. It defines the rate of energy loss, PL ,
and is given by the formula
W
(1.3)
τE =
PL
where W is the total stored plasma energy [2]. This relation is accurate only
for steady state condition, which is the plasma scenario of interest for this
work.
Improving the experimental techniques has contributed to increasing the
value of this parameter. However, transport processes prevent it from reaching
the optimum magnitudes for a successful controlled fusion. The expected value
for ITER (International Thermonuclear Experimental Reactor ), which is the
largest tokamak assumed to prove the feasibility of fusion power, is τE ≈
5 s with a total fusion power of about 500 MW [3, 4]. For this reason, high
priority is given to building and testing theoretical models, in order to interpret
and predict the transport behaviour, and bridge the gap between theory and
experimental results.
Transport processes refer to the transfer of particles and energy in both
radial and parallel to the magnetic field directions, due to the presence of
gradients. In specific, radial transport is the main cause of losses inside the
fusion vessel, and needs to be reduced in order to achieve a better fusion
confinement.
One distinguishes several approaches for understanding the phenomenon.
Classical and neoclassical transport treat the problem by considering only collisional processes and by neglecting or taking into account the magnetic field
configuration respectively [5]. Turbulent or anomalous, transport on the other
hand, considers the density and temperature fluctuations, due to turbulent
processes. Last but not least, and the focus of this work, interpretative transport relies on transport balance methods for obtaining the particle and heat
sources and the corresponding plasma parameters, such as the particle and
energy confinement times. However, obtaining the sources is a rather difficult
task, since the input parameters, such as gas puffing, NBI power and recycling,
which are often unknown, play a major role. This technique takes into consideration experimental observations and is performed by means of transport
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codes. It is important to mention that this approach, in comparison with neoclassical or turbulent transport analyses, is not claimed to predict the plasma
behaviour, but provide a valuable information about the transport coefficients,
which specify the rate of the transported magnitude.
This work focuses on studying NBI heated discharges, using already available models and codes, ASTRA (Automated System for TRansport Analysis),
which is the main transport code, and EIRENE, a Monte-Carlo simulation
for gas puffing and recycling. The reason for choosing this type of discharges
is that they have still not been systematically analysed in TJ-II. Two sets of
discharges with different densities and with lithium- and boron-coated walls,
were studied in order to check the influence of the wall conditioning and how
the particle confinement time scales with the line averaged density for the same
magnetic configuration. The low edge values of the temperature and density
profiles were altered so that they fall within the experimental results, obtained
by the passive helium emission ratio technique [6].
The main outcome from such analysis may provide a good interpretation
of experiments, validation of already established theoretical models and development of empirical ones. It was observed that the electron heat balance
method, applied to ECH plasmas of the TJ-II stellarator are compatible with
the neoclassical calculations in the bulk of the plasma and that the electron
heat transport features are similar to other stellarator devices [7]. In addition,
previous studies of the radial particle transport in TJ-II, using the cryogenic
pellet injection and the particle transport balance equation, showed that the
neoclassical theory can account for the particle evolution after the injection
and that improved neoclassical simulations are in better agreement with experiments at outer radial positions [8]. For these reasons, interpretative transport can contribute to the optimization of modelling techniques and thus the
prediction of experiments on both existing and future fusion devices (ITER,
DEMO).
The thesis is structured as follows. Chapter 2 provides a brief description
of the TJ-II stellarator, on which the analyses were performed. The diagnostics, heating and fuelling systems, important for performing the assignment,
are introduced in additional subchapters. Chapter 3 gives an overview of
the interpretative transport modelling technique, describes the experimental
approach for obtaining the electron density and temperature profiles, and discusses the organization of the transport codes used for completing the task.
Chapter 4 discusses the results of the analysis. Finally, Chapter 5 presents the
conclusions of the work.
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Chapter 2
TJ-II stellarator
This chapter provides a brief description of the device on which the calculations
were performed, and the diagnostics, heating, and fuelling systems used, in
order to obtain the necessary data for the transport analysis.
TJ-II stellarator is a magnetically confined plasma device, installed in
the Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas
(CIEMAT), Spain [9]. It is equipped with a set of coils, which create a confining vacuum magnetic field. In particular, 32 toroidal coils create the toroidal
magnetic field, one circular and one helical are responsible for the twist of
the magnetic field lines, and a vertical controlls the horizontal position of the
plasma (Fig. 2.1) [10].
Vertical coil

Toroidal coils

Helical coil

Central coil

Figure 2.1: Magnetic field coils of the TJ-II stellarator.

The condition of the wall of the chamber is crucial for preventing contamination of the plasma. To improve the performance of the vessel, evaporation
ovens are used for additional coating of the wall. TJ-II is able to operate with
metal, lithium- and boron-coated walls. The discharges studied in this work
9
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were done with the lithium- and boron- coated walls.
For the operation of the machine, the pressure control inside the vessel
and the cooling of the coils are carried out by vacuum and cooling systems
respectively. In addition, the plasma is restricted by two adjustable limiters
which contain ports for gas injection and Langmuir probes.

2.1

Diagnostics

TJ-II is divided into four sectors, each containing ports for diagnostics, heating
and fuelling systems. Top view of the machine with the main monitors is shown
in Fig. 2.2.

Figure 2.2: Top view of the TJ-II stellarator and its diagnostics, heating and
fuelling systems [11].

The Thomson Scattering (TS) diagnostics is a high spatial resolution system that is able to measure the electron density and temperature profiles at a
given time [12]. This is performed by means of a Q-switched ruby laser which is
fired in the plasma and scattered by it [13]. In general, one distinguishes scattering from both charged and neutral particles, as well as impurities. Thomson
Scattering refers to the elastic scattering from free electrons in the plasma. In
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specific the electric field of the laser beam accelerates the electrons, causing
them to radiate [14]. The collected scattered light is directed to a Littrow
spectrometer with a spectral range from 580 to 800 nm for detection and
analysis. The light is intensified and recorded by ICCD cameras. The signals
are calibrated by relative sensitivity calibration factors. The electron density
and temperature values are then obtained by fitting the relativistic spectral
distribution to the scattered one.
TJ-II stellarator is equipped with a set of monitors for measuring the Hα
radiation, which are positioned on the chamber windows of the vessel [15]. The
Hα corresponds to the transition of a hydrogen electron from the third to the
second energy level and is followed by an emission of a photon. The wavelength
of the spectral line is 656.3 nm. The hydrogen atoms are injected by means
of the gas puffing system or can be present due to a plasma-wall interaction.
For this reason these atoms can be expected around the gas puffing valve and
the regions where the plasma interacts more strongly with the chamber. The
atoms that enter the plasma are ionized and can reach high enough energies
to arrive at the core region.
The exchange of particles between the plasma and the wall is known as
recycling. This phenomenon needs to be studied and regulated in order to
have a better control over the plasma density. For this reason the Hα emission
is used to study these processes. The monitors used for collecting the light are
based on sillicon photodiodes, which have a built-in filter, and are placed on
the optical windows of the vessel. There are four monitors which are positioned
at the entrance of the gas injection systems (A4, B4, C4, D4 ), which main
utility is to indicate the opening state of the valves. Another two monitors
are located close to the limiters (A3 and C3 ) and allow the observation of the
plasma interaction with them. A monitor tangential to the window A1 is used
for optimizing the discharge.
The electron density profile is measured by a microwave reflectometer. This
is performed by estimating the time delay (phase delay) of a probing beam, reflected by the plasma cut-off layer. For a better measurement of the delay, the
perturbations due to plasma turbulence need to be minimized. For this purpose, several methods can be used, fast swept frequency modulated continuous
wave (FM-CW), amplitude modulated (AM), two-frequency differential-phase
or pulse radar systems. TJ-II is operating with an amplitude modulated reflectometry system, consisting of an oscillarator and multipliers. To obtain the
density profile, a linear density ramp up is used from the last closed magnetic
surface (with n = 0) to the reflecting point (n = 3 − 4 × 1011 cm−3 ) [16].
The interferometry system is measuring the line-integrated density. The
stellarator is equipped with a microwave and two-color interferometers. The
task was performed with the former, which is positioned in sector B8. A
microwave beam is splitted in two components. One of them goes through a
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reference leg, while the other passes through the plasma [17]. The phase shift
between these two signals is used to determine the plasma density.
TJ-II is supplied with four Neutral Particle Analyzers (NPA). Two of them
view from a poloidal position, while the other two from a tangential. The first
NPA positioned tangentially is a Compact Neutral Particle Analyzer (CNPA)
with 16 energy channels for scanning the fast hydrogen ions comming from
the neutral beam injectors [18]. The diagnostic serves as a tool for measuring
the ion temperature of the plasma. The advantages of the system compared
to the NPA diagnostics is that the spectrometer is easily adjustable and can
be installed at any place of the plasma chamber. The neutral hydrogen atoms
which enter the system are ionized by passing through a thin carbon foil. An
acceleration voltage, applied to the foil, is responsible for a better collection
of secondary ions [19]. The deflection of the ions is performed by a magnet and electrostatic deflection systems for a momentum and energy analysis
respectively [20].
The estimation of the edge electron temperature and density profiles is
performed by injecting a helium beam into the plasma edge. The interaction
of the beam with the plasma excites emission lines, which are used for obtaining
the profiles [21]. The ratio between two singlet helium lines at 667.8 nm and
728.1 nm is used to obtain the ne profile, while the ratio between the singlet
line at 728.1 nm and a tripplet line at 706.5 nm, for the Te profile [22].

2.2

Heating and fuelling

The plasma heating in the TJ-II stellarator is performed by Electron Cyclotron
Heating (ECH ) and Neutral Beam Injection (NBI ) systems. The NBI consists
of two co-counter tangential injectors, located in sectors D8 and C1 [23]. For
this task the former NBI was used.
Highly energetic hydrogen ions pass through a neutralizer in order to be
able to enter the plasma without being influenced by the magnetic field. The
neutral atoms are ionized due to collisions with the charged particles and
subsequently captured by the magnetic field inside the vessel. These ions,
being much faster than the plasma particles, transfer their momentum through
further collisions, and thus heat the plasma.
The gas puffing system is responsible for the gas injection inside the plasma,
which for this work is hydrogen. This is achieved by 8 piezoelectric valves,
driven by a preprogrammed voltage signal. The waveform of the signal is
defined by the aperture time and voltage, in order to obtain the desired density
inside the chamber [24].

Chapter 3
Particle Transport Analysis
Transport processes and in particular radial transport, has a great impact on
the confinement of the fusion plasma. Increasing the radial transport leads
to the loss of particles and energy which is crucial for maintaining the fusion
reaction.
Transport processes, due to collisions, can be treated in a classical or neoclassical manner. As previously mentioned, the classical approach neglects the
magnetic field configuration and it takes into account the spatially local forces
that act on the particle and energy fluxes [25]. The presence of a magnetic
field, on the other hand, results in additional phenomena, such as trapped
particles, which affect the outcome of the analysis and contribute to the magnitude of the result. For this reason, the neoclassical description is considered
more accurate in comparison with the classical. However, it is reliable only
for the core region of the plasma, since there is a slight agreement with the
experimental results approaching the edge. This inconsistency tends to be explained by the turbulent or anomalous transport, which takes into account the
fluctuations of the plasma parameters.

3.1

Interpretative transport

Interpretative transport is an integrated modelling technique which may comprise of all these approaches, since one can include the terms of interest in their
model description. In other words, the diffusivities can contain both neoclassical and turbulent terms, so that the simulation represents more accurately
the experimental results. They can be expressed in the form of constants or
functions, and changed during the evolution of the code. The main task of
the interpretative transport is to obtain the particle and heat sources, and
the corresponding confinement times, transported magnitudes and transport
coefficients. The method is based on transport balance equations and relies
on the magnetic field configuration, the NBI power, recycling coefficients, etc,
since they all appear input parameters for the calculations.
This work focuses on electron particle transport and aims to study how
the particle confinement time scales with the line averaged density. To begin
13
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with, the transport processes can not be regarded as purely diffusive. The
reason for this is that the complexed topology of the magnetic field can lead
to bulk motions of the plasma, thus requiring an additional convective term
to the description of the electron fluxes. This results in their optimization and
thus, to a more accurate match between the calculated and the experimental
profiles.
Γe = −D∇ne + ne v
(3.1)
where D is the diffusion coefficient and ne v is a convective flux.
The particle transport equation used in this task is the following
∂ne
+ ∇· Γe = Se
∂t

(3.2)

where ne is the electron density, Γe is the electron flux and Se represents the
particle sources and sinks. The task considers steady state plasmas, which
results in the balance of the electron fluxes to the electron particle sources
and sinks, which are quite sensitive to the input parameters. This equation
is implemented in a transport code (for example ASTRA [26]), which will be
described further in this chapter 3.2.2.
Integrating Eq. 3.2 over the plasma volume gives the total number of particles and the integrated flux and sources.
Z
Z
∂N
Se dV
(3.3)
∇ · Γe dV =
+
∂t
V
V
Obtaining the flux through the LCFS (Last Closed Flux Surface) by means
of the divergence theorem, leads to the following equation
∂N
+ Γ e A = SI
∂t

(3.4)

where SI is the integrated particle source, which is a combination of the NBI
fuelling, gas puffing and recycling. The neutral beam injection contributes to
the plasma fuelling through a direct deposition, as well as through indirect processes, like gas transmitted from NBI system or re-emission of the gas adsorbed
as a consequence of the beam interaction with the duct and the chamber walls.
Since these processes can be considered as an extra gas puffing [27], from now
on, they will be referred to as NBI puffing. The value of this quantity is on the
order of the beam current itself, ∼ 50 A or 50 AA (Atomic Amperes) in terms
of neutral flow. As previously mentioned, obtaining the source is a rather
sophisticated task. This is due to the fact that the NBI puffing and the recycling fluxes are not well known quantities. The uncertainties of these values,
which are important inputs for the evaluation of the sources, computed with
EIRENE [28] (see Sec. 3.2.1), imply the uncertainties for the particle confinement time itself. Additional experimental information (from the energy
confinement time, τE , and Hα ) will be used to narrow the uncertainties.

3.1 Interpretative transport

3.1.1
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Density and temperature profiles

As stated above, interpretative transport is an integrated modelling technique,
thus implying the combination of various diagnostics results is needed for obtaining the profiles of interest for the simulation [29]. The important input
profiles for this assignment, were the density and temperature profiles. The
Bayesian inference, developed for the TJ-II stellarator, reconstructs the electron density profile at a single time by combining the data from the Thomson
Scattering, Helium beam, interferometry and reflectometry diagnostics. The
magnetic configuration of the system is important for performing the analysis,
since it is assumed that plasma parameters, such as the density, temperature
and pressure, remain constant on the magnetic flux surfaces. The approach
comprises of transforming the data to magnetic flux surface coordinates and
fitting a model function to it. The density profile is estimated by FourierBessel series, which have an advantage over other polynomial representations.
Some of the advantages are that the expansion of the series is complete and
consists of functions with zero derivative at the plasma core, ρ = 0, where ρ is
the normalised plasma radius. For this reason the approximation of a function
is considered accurate [30].
Hence, the presence of the diagnostics, mentioned above, needs to be
checked for each discharge and stated in the file that the method is reading. For the set of discharges 23800 - 23804 the diagnostics included in the
6
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Figure 3.1: Electron density profile for discharge 23804 obtained by the integrated
data analysis method.

analysis were only the Thomson Scattering, Helium beam and the interferometry. The reflectometry data was checked and it was concluded that it is
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not giving appropriate results. On the other hand, the diagnostic was present
for the lithium discharges 21288 and 21290. A good agreement between the
diagnostics required finding a reasonable degree for the Bessel function. The
output from this program for discharge 23804 is shown in Fig. 3.1
Obtaining the electron temperature profile relies on the same assumptions
and the result from the calculations is shown in Fig. 3.2. The profiles of the

0.4
0.3

Te [keV]

0.2
0.1
0.0
0.1
0.2
0.3
0.0

Thomson Scattering
Helium beam
0.2

0.4

ρ

0.6

0.8

1.0

Figure 3.2: Electron temperature profile for discharge 23804 obtained by the
integrated data analysis method.

discharges with sufficiently low edge density and temperature, calculated from
this method, were altered between ρ = 0.8 and ρ = 1, in order to match the
results from the helium emission ratio technique. For NBI helium plasmas the
edge temperature, according to this technique, is ∼ 20 eV and the density,
∼ 0.1 × 1019 m−3 [6, 31]. The edge density for both sets of discharges was
chosen to be 0.1 × 1019 m−3 , while several values for the edge temperature
were chosen for the study: 20 and 50 eV for the lithium, and 20, 30 and 50 eV
for the boron discharges.
The edge values for some of the discharges, for example, 23804, which were
already in this range, were also manipulated, in order to be consistent for the
whole set. This was performed by means of an exponential function. The
function was chosen so its value at ρ = 0.8 matches the value, obtained from
the integrated method, while the value at ρ = 1, the desired one, mentioned
above. It was necessary also to match the slope of the modelling function to
the slope of the exponential fit, in order to avoid unphysical discontinuities in
the gradients.
The CNPA diagnostic, responsible for the ion temperature estimation, pro-
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vides information for this parameter only at the plasma core. The ion temperature profiles were obtained by means of a formula that matches both electron
and ion temperature values at ρ = 1 [32]. The formula is as follows
Ti =

Ti (0)
(Te − Te (ρ)ρ) + (1.0ρTe (ρ))
Te (0)

(3.5)

The obtained density and temperature profiles were used as input parameters for the programs used.

3.2

Transport codes

Transport codes are a powerful tool for describing and understanding the transport processes in magnetically confined plasmas. Throughout the years, the
progress of the theoretical models and experiments contributed to the more
accurate prediction of the physical phenomenon. However, there is much room
for improvement.

3.2.1

EIRENE

EIRENE is a Monte-Carlo simulation for neutrals transport, which calculates
the neutrals distribution and many associated magnitudes like the particle
source density inside the plasma [33]. The code is adapted at CIEMAT for TJII calculations. There are three basic and obligatory input files for the program,
geometry file, which is distinct for each magnetic configuration, official input
file, for the different plasma scenarios, for example hydrogen plasma with a
boronized wall, and a file with the radial plasma profiles [28]. The method of
this code is described below.
1) The program is given an initial guessed particle confinement time, τp ,
and calculates the particle source due to NBI fuelling, recycling and gas puffing.
2) The returned source corresponds to a certain steady state density profile,
which should represent the experimental one. If not, tuning of the transport
coefficients is required, in order to match the experimental curve, which, however, gives a different particle confinement time.
3) The new τp is used again to calculate a new source, representing another
steady state density profile. The process is repeated until a steady state profile,
matching the experimental one is obtained.

3.2.2

ASTRA

ASTRA is an easily adjustable and flexible code that serves the purpose of the
matter. It solves a coupled set of transport equations which makes it sensitive
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to small changes in their parameters [26]. Each quantity or formula, specified
in the model, is given a name, hence making its organization straightforward.
The code consists of a library of modules, as shown in Fig 3.3, containing a

Figure 3.3: Diagram of the ASTRA modules [26].

description of different physical processes. It is connected to the experimental
database and the main part of the program is shared between users.
Moreover, the practical interface (see Fig. 3.4) allows the user to perform

Figure 3.4: ASTRA layout.

an instantaneous run control of the simulation.
One can interrupt the program and change the constants, given to their
model. In addition, the obtained results of interest, such as the particle source,
can be saved and then provided to the input file. ASTRA can be used in both
active and background modes, thus enabling other programs to be operated
simultaneously.
For the above reasons, the program is considered a convenient tool for
transport calculations. However, the user is still required to write a code
which specifies the transport task that needs to be solved. The model discription requests also the specification of the device on which the calculations are

3.2 Transport codes
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performed. In addition, the magnetic configuration and the magnitudes that
are used in the model are also important parameters, given to the input file.
To be more specific, a diagram of the interaction between ASTRA and the
user is shown in Fig. 3.5

Figure 3.5: Diagram of the interaction between ASTRA and the user.

Modifications of the code, required in order to keep it updated to the
latest improvements of theoretical models and experimental techniques, do
not interfere with its user-friendly organization.
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Chapter 4
Results
This work focuses on estimating the particle sources and the particle confinement times for a set of NBI heated discharges (#23800 - #23804) and (#21288
and #21290) with a boron-coated (Sec. 4.1 and lithium-coated (Sec. 4.2) walls,
respectively, using ASTRA and EIRENE codes. In addition, a simplified version of another peripheral code (FAFNER) was used, in order to calculate the
energy and particle deposition profiles [34].
In general the transport analysis requires a wide variety of input data, such
as the density and temperature profiles, position of the limiters, NBI power,
plasma current, the gas puffing rate, magnetic configuration, etc. The goal
of this work was to investigate how the particle confinement time scales with
the line averaged density for one magnetic configuration. For this reason, the
chosen discharges have different line averaged electron densities.
The data was obtained from the Thomson Scattering (TS), microwave reflectometry, interferometry, Compact Neutral Particle Analyzer (CNPA), Hα
monitors and Helium beam diagnostics (as described in Chapter 2). Also signals from the Neutral Beam Injection (NBI) and fueling systems were used.
This data was extracted from the TJ-II data base by means of a library built
of functions that allow the access to the data from the Python programming
language. The density and temperature profiles were built at the time when
Thomson Scattering laser was fired. This was performed using the integrated
data analysis method, which was described in Chapter 3. The experimental
line averaged density, ne , and Hα , were averaged 5 to 10 ms before and after
TS to reduce the noise. The Hα signal, which were used, was from the monitor,
positioned in sub-sector C3. The obtained values of the electron density, for
boron and lithium discharges, is provided in Table 4.1.
The data from each discharge was saved in a file, created again with the
same programming language. This file is then read by ASTRA which takes
the data as input parameters for the simulation.
To begin with, a typical NBI discharge (#23802) is shown in Fig. 4.1. The
time evolution of the Hα (green) and density (blue) signals are shown in the
upper subplot of the figure. The evolution of the NBI injection in the subplot
below. The duration of the NBI is roughly 100 ms. The Thomson Scattering
21
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Table 4.1: Line averaged density, ne , for the set of boron discharges.

discharge number ne [1019 m−3 ]
23800

1.68

23801

1.81

23802

1.88

23803

2.24

23804

2.37

21288

1.27

21290

1.67

1.4

3.0

1.2

2.5
2.0

ne [10 19 m −3 ]

Hα [a.u.]

1.0
0.8

1.5

0.6

1.0

0.4

0.5

0.2
0.0
7
6
5
4
3

0.0

NBI [V]

t [ms]

1000

1050

1100

t [ms]

1150

1200

Figure 4.1: Line averaged density and Hα signals for discharge #23802 (top figure)
and NBI puffing time trace (bottom figure). Transport analysis were performed at
the Thomson Scattering firing time (dashed line) at 1156.25 ms.

laser was fired at 1156.25 ms (black vertical dashed line) from the beginning
of the discharge.
The gas puff signal was extracted from the raw BARATRON signal, which
shows the evolution of the gas injection, and it was calibrated by a factor,
where 1 V BARATRON = 53.8 AA. The typical gas used for the puffing is
hydrogen. The value is then given as a constant to the file and contributes
to the particle source calculation, performed by EIRENE. The gas puff valve
for both sets of discharges, except for discharge number #23804, was closed
during the NBI injection.
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It was checked whether the line averaged density could be considered in a
steady state. The rate of change of the density signal (5 to 10 ms around TS
measurement) was normalized to its value at that time. Its reciprocal value
corresponds to the density characteristic time, τn . The obtained value for τn
was compared to the particle confinement time, τp . It was assumed that the
criteria for a steady state density should be τn > 10 τp . The characteristic times
of all the discharges of interest justified the steady state of the parameter.
The NBI heating evolution was plotted together with the Thomson Scattering measurement, obtained from the ELASER signal. The purpose of this
was to assure that the laser was fired during the NBI injection. The time of
the Thomson Scattering measurement for the set of boron discharges was at
1156.25 ms, except for discharge #23801, where the time was 1156.26 ms. For
the lithium discharges the time was 1131.23 ms. The TS laser for both sets
was fired during the neutral beam injection.
The Hα signal was an important criteria for the particle confinement time
values. As described in Chapter 2, the Hα due to recycling is crucial for
the optimization of the density. The experimental data around the TS was
compared to the Hα computed by EIRENE. The goal was to obtain values
from the code within the 30% calibration error of the experimental data.
The plasma current around TS measurement, obtained from the database,
was checked to guarantee that the magnetic configuration is close enough to
the vacuum one. The values of the current for both sets were approximately
1 kA, which is a low enough value. The NBI power was 380 kW and 490 kW
for the boron and lithium discharges respectively. The vacuum magnetic field
configuration was taken from a file, stored as well in the TJ-II database.

4.1

Boron discharges

As previously stated, a guess about the NBI puffing and the edge electron
temperature is required, since they are important input parameters for the
transport calculations. Three different NBI puffing for the boron discharges
(45 AA, 60 AA and 90 AA) were selected. The analysis is very sensitive
to the edge electron temperature, due to the fact that the recycling in this
region plays an important role. The electron edge temperatures, chosen for
the calculations, were 20 eV, 30 eV and 50 eV. The selection of both NBI
puffing and electron temperature should correspond to the appropriate Hα
values and acceptable particle confinement times, typically not less than the
energy confinement time (see below).
The scan for discharge #23802 is shown in Fig. 4.2. It is seen that the
particle confinement time decreases with the NBI puffing and increases with
the electron edge temperature. This can be explained as follows, lower particle
confinement times imply that the system needs higher NBI values in order to
be sustained. On the other hand, the Hα increases with the NBI and decreases
with the temperature.
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Figure 4.2: Particle confinement time and Hα dependence on the NBI puffing for
discharge #23802, obtained at Thomson Scattering time 1156.25 ms. The energy
confinement time, τE , is 5.24 ms.

The energy confinement time, τE , which is represented by the horizontal
dashed line in the upper subplot, is obtained by means of the full version
of FAFNER. The calculated particle confinement times, which fall below the
energy confinement time, obtained by FAFNER, were not taken into consideration. Briefly, this is due to the fact that loss of particles leads to loss of
energy. Hence, having lower values for τp is not physically reasonable. The
possible edge electron temperature is then between 30 eV and 50 eV.
In order to make a rough estimation of the particle confinement time uncertainties, a check for the possible temperatures and NBI puffing that match
the criteria for τp and Hα , was performed. From the graph (see upper subplot in Fig. 4.2) it is observed that the range of the NBI puffing for 30 eV is
roughly from 45 to 75 AA and for 50 eV, from 45 to 90 AA. In addition, a
rough estimation for the puffing can be also made for 40 eV, from 45 to 90
AA. However, fulfilling this requirement needs to be justified with the criteria
for the Hα . As previously stated, the calculated value of this measurement
should fall within the calibration error for the Hα monitors. The range of the
uncertainty is provided by dashed lines in the second subplot. As seen from
this graph, the possible NBI puffing ranges are slightly different. For the case
of 30 eV, the NBI is between 55 and 90 AA. On the other hand, 50 eV is
outside of the allowed region, and the range for 40 eV is from 80 to 90 AA.
The combination of the possible ranges, obtained from both criteria leads to
the following values for the edge electron temperature 30 eV, from 45 to 75
AA and 40 eV, from 80 to 90 AA.
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To increase the estimated range precision, the particle confinement time
and the Hα were plotted against the edge temperature (Fig. 4.3). Following
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Figure 4.3: Particle confinement time and Hα dependence on the edge electron
temeperature, Tedge , for discharge #23802, obtained at Thomson Scattering time
1156.25 ms. The energy confinement time, τE , is 5.24 ms.

the same procedure for the confinement time, one observes that the 45 AA
allows an electron temperature from 25 eV to 50 eV, while 60 AA, from 25 to
50 eV. In addition, 90 AA corresponds to 40 to 50 eV and 75 AA, from 30 to
50 eV. The Hα criteria for 45 AA requests values between 25 and 30 eV and 60
AA, from 20 to 30 eV. The values for 90 AA are lower, allowing approximately
from 25 to 45 eV, and for 75 AA, from 20 to 40 eV. The combination of these
two estimations leads to the following possible values, 45 AA, from 25 to 30
eV, 60 AA, from 25 to 30 eV, 75 AA, from 30 to 40 eV and 90 AA, from 40
to 45 eV.
The result from these procedures is shown in (Fig. 4.4). The dashed lines
represent the range for the NBI puffing and temperatures, and the corresponding τp values. It is seen that τp is roughly 6 ms and that the maximum uncertainty is between the energy confinement time value (which is, as mentioned,
the threshold value for τp ) 5.24 ms and 7 ms. For this reason, the estimated
uncertainty for the particle confinement time is approximately ±0.8 ms. The
values for the NBI puffing and edge temperature, used for the transport calculations, performed on the whole set of boron discharges, were therefore chosen
to be 70 AA and 35 eV. The result from this choice will be shown and discussed
further in this chapter.
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Figure 4.4: Contour plot of the particle confinement time, see colorbar (in ms),
as a function of the corresponding NBI puffing and edge electron temperature for
discharge #23802. The dashed lines correspond to the estimated boundary of acceptable values for τp according to Hα and τE values.

4.2 Lithium discharges
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Lithium discharges

τp [ms]

Lithium discharges might have higher value of the edge electron temperature
according to measurements in ECH plasmas. Likewise, the NBI puffing might
be larger due to the higher adsorbtion of hydrogen in the lithium-coated wall.
In this scenario, two temperatures, 30 eV and 50 eV, and three NBI puffing
values, 60 AA, 90 AA and 120 AA, were chosen for the scan. The results are
shown in Fig. 4.5 and Fig. 4.6.
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Figure 4.5: Particle confinement time and Hα dependence on the NBI puffing
and Tedge , for the lithium discharge #21288, obtained at Thomson Scattering time
1131.23 ms. The energy confinement time is τE = 4.41 ms.

As expected, it is again observed that τp decreases with the NBI and increases with the temperature. In addition, Hα increases with NBI and decreases with temperature. Following the same procedure as for the boron
cases, it was observed and concluded that the range of the NBI puffing for 30
eV is from 60 to 70 AA; for 40 eV, from 70 to 90 AA; and for 50 eV, from 100
to 120 AA. The particle confinement time range, according to this estimation,
is shown in Fig. 4.7. The value of τp is around 5 ms with an uncertainty of
approximately ±0.4 ms.
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Figure 4.6: Particle confinement time and Hα dependence on the edge electron
temeperature, Tedge , for the lithium discharge #21288, obtained at Thomson Scattering time 1131.23 ms.
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Figure 4.7: Contour plot of the particle confinement time, see colorbar (in ms),
as a function of the corresponding NBI puffing and edge electron temperature for
discharge #21288. The dashed lines correspond to the estimated boundary of acceptable τp values.

4.3 Particle confinement time as a function of electron density

4.3

29

Particle confinement time as a function of
electron density

The calculated τp as a function of the line averaged electron density for both
boron and lithium discharges is shown in Fig. 4.8.
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Figure 4.8: Particle confinement time dependence on the line averaged electron
density, obtained from the ASTRA code, for the boron (#23800 - #23804) and
lithium (#21288 and #21290) discharges.

It is observed that increasing the density leads to a slight increase of the
particle confinement time, which remains consistent with the estimated uncertainty. However, some of the Hα values, for both sets of discharges, obtained
from EIRENE, fall outside of the experimental uncertainty for the instrument.
This can be due to several reasons. For example, the estimated ranges for the
NBI puffing and electron temperature were obtained by performing the scan
only for discharge #23802 from the boron set and for #21288 from the lithium
one. Finding more experimental restrictions for the ranges and uncertainties,
and applying them to each discharge, may provide Hα values that are closer
to the experimental ones.
Occasionaly, the registered position of the limiters might not be accurate.
For this reason, this input parameter was altered within 1 cm, in order to check
at what extent it influences the Hα value. It was observed that differences close
to a 10% might be explained by this variation, which does not alter the main
results, shown above. Moreover, a comparison between the Hα values, obtained
with the simplified and full versions of the FAFNER code, shown in Fig. 4.9,
illustrates that the calculated Hα has its own uncertainty on this same order.
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TJ-II #21288; NBI-co

NBI from database

NBI from Fafner

Figure 4.9: Consecutive calculations of the Hα at steady state, obtained by the
simplified (left of the vertical dashed line) and the full (right of the vertical dashed
line) versions of the FAFNER code.

Due to the symmetry of the machine, the values of Hα at sector C3 and Hα
at sector A3 should be equivalent. The difference between these values comes
from the fact that the A3 monitor is close to the neutral beam entry area.
This shows that the EIRENE calculations are sensitive to the geometry of the
machine and diagnostics.
The main conclusion for the boron and lithium sets is that there is no
significant difference between the discharges. In addition, it was observed that
the particle confinement time is roughly between 5 and 7 ms, and follows an
increasing trend with the line averaged electron density. For better statistics,
and to be able to support the results from the calculations, more discharges
need to be analyzed.
To check the results from the calculations, the ratio Θ between the line
averaged electron density, ne and the Hα , which can be regarded as a dimensionless ”experimental” confinement time, was plotted as a function of the line
averaged density for the lithium and boron sets, three L-H transition discharges
and one H-mode discharge (Fig. 4.10). Considering Θ as proportional to the
particle confinement time, it is observed that it is not significantly different
between lithium and boron cases, which is in agreement with the calculations.
A slight increment of τp with the line averaged density is compatible with the
obtained experimental Θ in the range of 1.6 to 2.4 ×1019 m−3 explored in the
Fig. 4.8.
In addition, the figure shows that discharges close to L-H transition threshold at slightly higher densities have slightly better particle confinement. More-
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Figure 4.10: ”Experimental” confinement dependence on the line averaged electron density, ne , for lithium and boron discharges, three L-H mode, and one H-mode
discharge.

over, an H-mode discharge clearly shows a better confinement that, after the
results shown in the Fig. 4.8, might be estimated around 40 ms. This is a very
rough estimation but it clearly shows that the particle improvement is very
significant in H-mode after the formation of the transport barrier.
For the above mentioned reasons, it can be concluded that both lithium and
boron coating discharges can be used together for further investigations of the
particle confinement time, including the hybrid states near the L-H transition
threshold and H-mode discharges.
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Chapter 5
Conclusions
The main goal of this thesis was to obtain the particle sources and the corresponding particle confinement times for a set of boron (#23800 - #23804)
and lithium (#21288 and #21290) discharges. The dependence of the particle
confinement time on the line averaged electron density was investigated. Both
sets of discharges were heated using the NBI injection.
For the transport analysis, the data from the Thomson Scattering, Helium
beam, interferometer, reflectometer and Hα signal were used. The data from
the gas puff fuelling system was used as an input for the calculation of the
source only for discharge #23804. For the other discharges, the gas puff valve
was closed during the NBI heating.
The edge values of the density and temperature were altered according to
the helium emission ratio technique. The reason for the altering was that the
edge values of the electron density and temperature profiles, obtained from the
integrated data analysis method, were considered low. This was performed by
means of an exponentially decaying fit between ρ = 0.8 and ρ = 1. The values
of the electron density and electron temperature at ρ = 0.8 were taken from the
obtained profile. The values at ρ = 1 were chosen to be 0.1 × 1019 m−3 for the
electron density, ne , and between 20 eV and 50 eV for electron temperature,
Te .
The NBI puffing value, which was as well an input parameter for the analysis, was uncertain. Therefore, three values for the boron (45, 60 and 90AA)
and lithium sets (60, 90 and 120 AA) were considered.
A complete scan of the chosen NBI values and edge temperature values, was
performed for discharges #23802 and #21288. The aim was to obtain the possible NBI and temperature ranges, which match the criteria for the Hα (to be
within the 30% calibration error for the instrument) and the particle confinement time, τp , to be higher than energy confinement time, τE . The obtained
results from the selection of the NBI and edge temperatures yield a range of
particle confinement time values from which we estimate their uncertainties.
Further, the particle confinement time as a function of the line averaged
density, for both sets of discharges, was studied. It was observed that there
is no significant difference between the lithium and boron discharges but the
33
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particle confinement time rises slightly with the electron density and is between
5 ms and 7 ms.
In order to check the consistency of the results with the experimental data,
the ratio between the ne and the Hα , regarded as an estimation of the ”experimental” confinement, was plotted as a function of the line averaged electron
density for both sets of discharges, three L-H mode discharges and one Hmode discharge. It was observed that for the lithium and boron cases, the
confinement is similar but a slight increment of the confinement time with the
density is still possible. This might be confirmed by further analysis of similar
plasmas. The particle confinement time for the H-mode discharge is roughly
three to four times larger in comparison with L-mode discharges.
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[32] R. J. Peláez et al., Journal of Physics B: Atomic, Molecular and Optical
Physics 43, 144016 (2010).
[33] V. Vargas et al., Technical Report No. 1162, CIEMAT (unpublished).
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