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Abstract
Ions with velocities much larger than the characteristic local thermal (Maxwellian)
velocity, known as suprathermal (fast) ions, play significant role in many aspects of plasma physics (e.g. sawtooth stabilization, ion cyclotron resonance
heating (ICRH), instabilities and additional heating mechanism of thermal
ions). The fast ions from NBI undergo Coulomb collisions with impurity ions
and therefore the temperature of its suprathermal component should be equal
or close to the nonthermolized component of the proton population. This eﬀect
leads to thermal broadening of an ion emission line, which can be detected by
spectroscopic methods. The observation could provide an alternative method
to monitor the spatial resolution of fast ions and shed some light on their
behaviour in a hot plasma.
The main goal of this work is to investigate whether the unthermalized
component of the fast ion from the NBI injection leave any tracks in a prominent line of an impurity ion like C 4+ (C v in spectroscopy notation) which is
observed in clean TJ-II plasmas.
A simple analysis has been performed to determine suprathermal ion temperature and energy from the tails of Hα and C v emission lines measured
with spatial and time resolution in the TJ-II stellarator using passive emission
spectroscopy in perpendicular direction to the main magnetic field. The comparison of obtained temperatures have been made and the role in total energy
balance of the suprathermal C v population has been investigated.
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Chapter 1
Introduction
Inexorable population growth on Earth and technology level are the prime
causes of a swift rise in energy consumption. Only in the last 30 years the
consuming has increased from 300 · 1018 J to 550 · 1018 J and is growing (see
Fig. 1.1). Through the average energy production all over the world fulfills the
energy costs, but the need of new energy sources is obvious. Currently there
are three energy sources: fossil fuels (oil, gas, coal, etc.), renewable (wind,
solar energy) and nuclear (fusion, fission).

Figure 1.1: World energy consumption (blue squares) and production (red
dots) for diﬀerent years. Data was taken from the database [1].
Nowadays the main energy share comes from fossil fuel (see. Fig. 1.2).
The limited amount and uneven allocation of them are the main destabilizer
of the world economy. The consumption growth of oil, gas and coal leads to
environment pollution and a great emission of CO2 into the atmosphere. The
world consumption of petrol, gas and coal and CO2 emission are shown in
Fig. 1.3. As a result there is the Greenhouse eﬀect.
Fission is another alternative source of energy. Unfortunately, all the benefits are completely brought to nothing by the nuclear waste and accidents
5
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Figure 1.2: World energy production from diﬀerent sources of energy in percent
for 2011. Data were taken from the database [2].
in fission power plants. The most well-known accident in Chernobyl nuclear
power plant, Kiev, Ukraine, killed more than 4000 people (Ref. [3]).

Figure 1.3: World consumption of oil(green triangles), coal (blue squares) and
neutral gas (red dots) from diﬀerent years (a). World CO2 emission (b) due
the usage of fossil (oil, neutral gas and coal) sources of energy . Data was
taken from the database [1].
Controlled nuclear fusion is a great solution of the world energy problem,
not only because it is an environmentally friendly technology, but also safe and
almost inexhaustible source of energy. However, at the same time it is a very
sophisticated problem to achieve fusion on Earth and therefore it is worth the
eﬀort from scientists all over the world.

1.1

Fusion

In the beginning of 20s last century Francis William Aston (British physicist)
found out, that the mass of helium atom, consisting of two neutrons, two
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protons and two electrons, is less than the mass of four atoms of hydrogen (we
can neglect the mass of electrons). Since the mass and energy are connected
by Einstein’s formula E = mc2 , the net energy can be achieved by combining
the hydrogen atoms to built the helium atom. This energy is called binding
energy (BE), that binds protons and neutrons in a core of atom. In Fig. 1.4 is
shown BE versus mass of atom. It is seen that there are two ways to achieve
the energy released: by splitting massive atoms on lighter parts, as it is done
in fission (234 U splits into fission fragments and three neutrons, as one could
found in Ref. [4]), or by fusing deuterium (D) and tritium (T ), the hydrogen

Figure 1.4: Binding energy per nucleon versus mass number. For a review see
Ref. [4].
isotopes, in helium, as it is expected in fusion. The most promising D-T
reactions are:
D2 + T 3 → He4 + n1 (+17.6 MeV)
(1.1)
D2 + He3 → He4 + H 1 (+18.2 MeV)

(1.2)

D2 + D2 → T 3 + H 1 (+4 MeV)

(1.3)

D2 + D2 → He3 + n1 (+2.35 MeV)

(1.4)

Nevertheless, the most probable reaction that will be used in a plant reactor,
is Eq. 1.1, due to the greater cross section than other in low temperature range
(see Fig. 1.5). Moreover, it is not necessary, to achieve the fuel temperature
≈ 100 keV (the maximum of D-T reaction in Fig. 1.5), but the temperature
of 10 keV will be suﬃcient (Ref. [5]). In this case, the high-energetic particles
from the tail of Maxwell distribution can produce the reaction. However,
particles should stay in the reaction region long enough for reaction to start.

8
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The neutrons, created in the D-T reactions (see Eq. 1.1-1.4) will escape the
reactor and through elastic and inelastic collisions will transfer their energy
to the blanket where it will be converted into heat and further into electric
energy. The α-particles will remain in plasma keeping the temperature up and
no external heating will be required to sustain the reaction. This condition is
called ignition.

Figure 1.5: Cross-section for the reactions D-T , D-D and D-He3 . For a review
see Ref. [5].
One of the problems of reaction Eq. 1.1, is that there is almost no natural
tritium on Earth. Therefore the tritium breeding reactions will be used:

3 Li

7

6

+ n(slow) → α + T (+4.8 MeV)

(1.5)

+ n(f ast) → α + T + n (−2.5 MeV)

(1.6)

3 Li

The words “slow“ and “fast“ in Eq. 1.5 and 1.6 mean that the corresponding
reaction is most probable either for thermal or for high-energetic neutrals.
Even if 3 Li7 is more abundant (its amount in neutral lithium is 92.6 %) than
6
6
3 Li (7.4 %), 3 Li reaction is much easier to initiate and will dominate the
breeding of tritium in a future reactor (Ref. [6]).
According to the Eq. 1.5 and 1.6 the idea of lithium breeding blanket, as a
self-supporting source of tritium, was suggested for the future reactor. Indeed,
the neutrals from the reactions Eq. 1.1 and 1.4 can hit a lithium blanket (a
construction, which surrounds a vacuum vessel of the future reactor) and start
the reactions Eq. 1.5-1.6.
The ultimate goal of the future reactor is to achieve the ignition, where
the burning process become self-sustaining. There is to say, the amount of
out-coming energy should overcome the energy losses. The ignition condition

1.2 Magnetic confinement principles
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can be described in terms of fuel temperature T , density n and confinement
time τE as:
nT τE > 5 · 1021 m−3 keV s
(1.7)
The relation 1.7 is called Lawson criteria (see Ref. [5]). Hence, by diﬀerent
manipulations the parameters T , n and τE , the ignition can be achieved. For
example, one of the concepts of fusion reactor is to use the inertial confinement,
where a target with fuel should be compressed with help of powerful lasers
or ion beams (Ref. [7, 8]). In this case, through the confinement time is
low, density and temperature are high enough to reach the condition 1.7.
The disadvantage is that reactor, uses this method, can only operate in pulse
regime. The second way is increase the confinement time. Fusion fuel is
confined for a relatively long period of time and at low density. The following
section will focus only on principles of magnetic confinement and the devices,
developed on this method.

1.2

Magnetic confinement principles

As it was shown in previous section, the temperature of ≈ 10 keV is required
for fusion reaction. Nowadays a material, that can endure such high temperature does not exist. Therefore the fuel should be isolated from reactor’s
walls. Fortunately, the D-T gas at such temperature will be completely ionized
(plasma state) and hence the magnetic field can be used for keeping the fuel
away from the walls.
The motion of a charged particle in the magnetic field can be described by:
∂�v
�
= q(�v × B)
(1.8)
∂t
where m is mass, q is charge, v is a velocity of a particle, and B is a homogeneous magnetic field. As it is seen from Eq. 1.8, if the particle has only the
velocity component perpendicular to the magnetic field (v⊥ ), it will move by
circular motion around the magnetic line with the Larmor radius ρ and the
cyclotron frequency ωc given by Eq. 1.9 and Eq. 1.10 respectively.
m

ρ=

m�v⊥
qB

(1.9)

�
−q B
(1.10)
m
The parallel component to the magnetic field (v� ) is not aﬀected by the Lorenz
force and hence, if the particle has both v⊥ and v� , the motion will look like
as it is shown in Fig. 1.6.
The particles follow the magnetic lines and, therefore, can be confined in
the limited volume. In order to confine particles for a suﬃciently long period
of time, the path of particles should be infinite. The simplest solution is
ωc =

10
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Figure 1.6: Motion of charged particle in the homogeneous magnetic field.
close magnetic lines, which can be achieved in torus configuration, where the
magnetic field is generated coils with current winded in the way it is shown in
Fig. 1.7. However, in such configurations the magnetic field is inhomogeneous.
�
It increases towards the centre of the torus, which leads to the so-called ∇B
drift.
In general, a drift velocity v can be written as:
v�D =

�
F� × B
qB 2

(1.11)

where an additional force F influenced on the particles in homogeneous mag-

Figure 1.7: Toroidal configuration with closed magnetic lines (Ref. [9]).
� in Eq. 1.11, it is easy to see, that
netic field (see Ref. [10]). By substitution ∇B
� drift leads to the charge separation, which creates a vertical electric
the ∇B
field (E). In its turn, E field produces the E × B drift pushes all particles
towards the wall. To avoid this, the poloidal magnetic field can be introduced.
The twisted magnetic lines (the result of two poloidal and toroidal magnetic
fields) confines the plasma in equilibrium with plasma pressure.

1.2 Magnetic confinement principles
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Figure 1.8: The scheme of a tokamak (Ref. [9]).

Currently there are two main magnetic configurations with principally different ways of twisted magnetic field generation. In tokamaks, the poloidal
magnetic field is created by current, generated in plasma by transform eﬀect
(see Fig. 1.8). The tokamak in this case plays role of a transformer. According
� = −∂ B/∂t),
�
to the Maxwell-Faraday’s law (∇× E
the time changing magnetic
field induce the electric field along the torus axis. Unfortunately, it is impossible to change B field infinitely long time due to Biot-Savart law. Therefore,
the duration time of discharge is decreased. The reactor, based on this configuration, will work in a pulsed regime. Moreover, the magnetohydrodynamics
instabilities due to the plasma current can lead to disruptions. The amount
of energy, released during the disruption, will go to the wall and can damage
it. Another disadvantage is hidden in the configuration itself. The place in
the centre of torus is occupied by the transformer core and the toroidal magnetic field coils. Both of them need to be protected from the neutrons and
radiation, coming from plasma. The fact of limited space makes the shielding
rather diﬃcult task. On the other hand, the plasma current can be also used
for heating. In spite of all disadvantages, tokamaks have achieved the best
overall performance and have been chosen as a model for the biggest nuclear
reactor currently being built ITER (International Thermonuclear Experimental Reactor). For more information see Ref. [11].
In stellarators the twisted magnetic field is produced by complicated system
of magnetic coils shown in Fig. 1.9. There is no net plasma current ( therefore
no disruptions happen) and the magnetic field configuration can be completely
controlled by an operator. The design allows for steady-state operation, which
is crucial for future reactors. In contrast with tokamaks, where the configuration is completely symmetrical in toroidal plane, the stellarators have a purely
three-dimensional shape, which leads to theoretical and experimental diagnostic diﬃculties with stellarators. More than that, stellarators don’t have the
problem with space in the centre, as it is in tokamaks case. Nonetheless, the
stellarators have high energy losses in compare with tokamaks.

12
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Figure 1.9: The sketch of a classical stellarator (Ref. [9]).
It is diﬃcult to say which of the plasma confinement model - only by
external coils or by generation plasma current - is better than the other one.
But in order to achieve the fusion temperatures, the additional heating is
necessary in both of the systems.

1.3

Plasma heating and current drive techniques

Before the achieving ignition, the plasma should be heated up to the temperatures, required for the thermonuclear reaction. As it was shown in previous
section, in tokamak the plasma current generates the poloidal field in order
to create the twisted magnetic field for plasma confinement. This current can
be used also for heating. The ohmic heating power density pΩ can be written
through the current density j as Eq. 1.12:
pΩ = ηj 2

(1.12)

where η is plasma resistance. Unfortunately, ohmic heating eﬃciency is limited
−3/2
by the strong decrease of the plasma resistivity with temperature (η ∝ Te ).
Hence the temperature, that can be achieved in a typical reactor, with the
poloidal magnetic field Bφ ≈ 4 - 6 T, is about 3 - 4 keV (Ref. [5]), which is
not enough for ignition. Therefore, both tokamaks and stellarators require
additional external heating sources and, particularly for tokamaks, the sources
can be used to drive the non-inductive current in order to achieve steady-state
operation.
There are two main ways to input the power inside the plasma: by particles
and by electro-magnetic waves. The first method implies injection of high
energetic neutral beam (NBI system) into the plasma. The neutral beam
particles ionized by collisions with the less energetic ions or electrons, thereby
the new born ions and electrons with the beam energy will remain in plasma.
The NBI system consists of ion source with negative ions of either deuterium,
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Figure 1.10: The neutral beam injection system sketch.
or tritium, accelerator, neutralizer with gas which allows the neutralization
of the beam ions by charge-exchange, and deflector magnet, that removes the
ions, that stayed in the beam after neutralization (see Fig. 1.10). The neutrals
are then injected into the plasma where they propagate in the straight line,
unaﬀected by the magnetic field. the energy of this beam must be high enough
in order to reach the plasma core.
Another technique to input power inside the plasma is launching electromagnetic waves in resonance frequency. As it was shown, a charged particle circulates around magnetic line with the cyclotron frequency ωc , given by
Eq. 1.10. If the wave has frequency close to ωc (usually, it is in radio frequency
(RF) range), the wave electric field will push the particle, thereby will accelerate it. A general scheme of the RF heating system is depicted in Fig. 1.11. It
usually consists of a generator, a transmission path and a launcher. Depending
on the particle (ion or electron), there are two frequencies, and therefore two
RF heating schemes: ion cyclotron heating(ICH) and electron cyclotron heating (ECH). The first one works in frequency range f ≈ 30-120 MHz, generated
by high power vacuum tubes. As a wire it uses coaxial or transmission lines.
The wave in such frequency range cannot propagate in vacuum, therefore the
antenna need to be placed as close to the plasma edge as possible,being this
its main disadvantage. In the case of ECH, the frequency range is f ≈ 100200 GHz. Gyrotrons are used to generate the waves, which could be transmitted by wave-guides. In contrast with ICH, the ECH launcher could be placed
outside the plasma. In the frequency range between ion cyclotron and electron

Figure 1.11: The schematic drawing of a radio frequency heating system.
cyclotron one’s there is also so called lower hybrid resonance (LHR). However
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the wave with such a frequency cannot be used for heating plasma because of
low eﬃciency, but for generating the non-inductive current in plasma. Due to
Landau eﬀect (Ref. [10]), plasma electrons that are slightly slower than the
wave can be pushed by the wave thus increasing their velocity. The technique
is called lower hybrid current drive (LHCD), that works in frequency range
f ≈ 1-8 GHz, and therefore uses as a source klystrons. The wave-guides can
transmit LHR waves to a wave-guide array, which plays role of LHCD launcher.
Again, as it was in ICE case, the launcher must be placed near the plasma
edge to avoid excessive wave reflection.

1.4

Thesis motivation

The suprathermal (fast) ions are known as the ions with the velocities much
larger than the local thermal velocities and are usually intermediate between
the thermal electron and ion speeds, ve � vf � vi . The fast ion gyroradius
ρf is much larger than the thermal ion or electron gyroradius: ρf � ρi � ρe .
Because of the large excursions of their orbits and their high speeds, fast ions
interact diﬀerently with the plasma and with electromagnetic fields than thermal particles do (see Ref. [12]). The main sources of fast ions in magnetically
confined plasma are the thermonuclear reactions (e.g. reaction Eq.1.2, where
the energy of α-particle is about 3.71 MeV) and additional heating systems
(RF heating and NBI heating). Whilst the ions borned in fusion atomic reactions have well-defined initial energy, the fast ions generated by additional
heating have the wide range (from tens of keV to few M eV ) of energy.
There are many aspects in plasma physics for which the fast-ion distribution
function is important (e.g. sawtooth stabilization, ion cyclotron resonance
heating (ICRH), instabilities and additional heating mechanism of thermal
ions). For more information see Refs. [13, 14, 15, 16]. In addition, if the
suprathermal ion component is comparable to the thermal one, it must be
taken into account in the ion energy balance.
Experimental studies of fast ions in tokamaks and stellarators span a period of more than two decades and a number of diagnostic methods had been
developed, e.g. fast ion D-alpha spectroscopy [17], neutral particle analysis
[12], collective Thomson scattering [18], scintillator probes [19], gamma-ray
and neutron spectroscopy [20] and [21]
In TJ-II plasma, where the additional heating is implemented using two
neutral beam injection (NBI) and two electron-cyclotron resonance heating
(ECRH) systems, a high energy component of line emission in TJ-II plasmas,
heated by ECRH, was observed by passive spectroscopy in Ref. [16]. The
component has been found to be related to a non-negligible population of
suprathermal ions. The fast oxygen ions were observed by a vacuum ultraviolet(VUV) spectrometer (see Ref. [22]). Another way to detect the fast ions was
shown in Ref. [23], where the combination of passive emission spectroscopy and
a luminescent probe operated as a multichannel fast-ion energy spectrometry
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were proposed.
The main purpose of this work is to investigate whether the unthermalized
component of the fast ion from the NBI injection leave any track in a prominent line of an impurity ion like C 4+ (C v in spectroscopy notation) which is
observed in clean TJ-II plasmas although with poor time resolution due to the
eﬀective coverage with Li of the TJ-II surfaces. This observation could provide
an alternative method to those already existing to monitor the spatial resolution of fast ions inside a hot plasma. The implicit guess behind this search
is that the impurity ions undergo Coulomb collisions with the fast protons
and their temperature should be equal or close. This eﬀect leads to thermal broadening of the wings of C v spectral line, from which the information
about C 4+ ions and therefore about the main fast ions, could be obtained.
However several works have shown that the apparent temperature, deduced
from the spectral lines can be diﬀerent due to the role, played by turbulence
(see Refs. [24, 25, 26]). The non-thermal broadening of spectral lines will be
discussed in following chapters.
Thesis is organized as follows:
Chapter 2 outlines visible passive spectroscopy for plasma core characterisation.
Chapter 3 gives an overview on the TJ-II stellarator and its NBI heating
system. Also in this chapter our experimental setup and data analyses, used
to obtain information about observed ion from its spectral line, are described.
Chapter 4 presents the results of spacial and temporal analysis of experiments.
Chapter 5 comprises the conclusion and summary of the present work.
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Chapter 2
Visible Spectroscopy in High
Temperature Plasma
2.1

Introduction

Spectroscopy is a powerful diagnostic used to measure diﬀerent plasma parameters. The huge amount of information (e.g. temperature, rotational velocity,
density and transport of impurities) can be dedicated from analysis of the
spectral line shape, position and intensity of emission from molecules, atoms
or ions, presented in plasmas. The one of the least invasive methods, spectroscopy can measure diﬀerent parameters from the periphery as well as from
the plasma core. Most spectroscopic methods use the radiation emitted by particles present in the plasma as impurity, injected into the plasma, or present
there as a result of diﬀerent internal processes. Therefore, the spectroscopy
technique can be divided into two main groups: passive and active. Passive
spectroscopy is based on the measuring the plasma emission with out injecting
any external impurity. The measurement are integrated along the line of sight
and hence it is diﬃcult to acquire the local information about ion. In contrast
to the passive spectroscopy, the active one uses the injection of external elements to obtain information about diﬀerent plasma parameters. Due to the
nature of the technique, a local information about the ions can be defined.
Nevertheless it is the more invasive method than passive spectroscopy.
In this work, we are going to perform the measurements using passive
spectroscopy techniques in order to identify spectral lines located in the visible
spectrum.

2.2

Atomic processes in fusion plasmas

In a future fusion reactor the parameters of plasma will define the variety of
collisional and radiative processes that may take place in the main plasma
region. From the point of view of spectroscopy analysis, the most important
from them are those associated with the transition of excited atoms or ions.
17
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An electron, slowed down in the ion field, emits energy:
e + Aq+ → e + Aq+ + hν

(2.1)

The emission is called Bremsstrahlung radiation, which can be observed in the
wide range of wavelength Ref. [27, 28, 29].
When an electron collides with an ion, it can be either captured into an
ion bound state (radiative recombination), or it can transfer energy to one
of the bound electrons (see Ref. [27, 28, 29].). If this energy is high enough,
the bound electron can leave the ion. The process is called ionization and is
illustrated by Eq. 2.2.
e + Aq+ → A(q+1)+ + 2e

(2.2)

The inverse mechanism (collisional recombination) may also occur in plasma.
When two electrons (or an ion and an electron) interact near an ion may result
in the recombination of one electron and the resulting energy will be carried out
with the remaining particle. The collisional recombination can be presented
as follows:
2e + Aq+ → A(q−1)+ + e
(2.3)

On the other hand, if the energy is not high enough, the bound electron can
move to higher energy levels. In this case the collisional excitation takes place.
It can be visualized by Eq. 2.4.
e + Aq+ (n, l) → Aq+ (n� , l� ) + e, n� ≤ n, l� = l ± 1

(2.4)

Another process that could happen is excitation-autoionization/radioactive
decay (Ref. [27]). It is a two-step reaction, consisting of the formation of
a doubly excited ionization state of the Aq+ ion by excitation of a valence
electron, and the second step being either the autoionization (Eq 2.5a) or
radiative relaxation (Eq. 2.5b) of this state.
e + Aq+ (ni , li ) → e + Aq+∗∗ (n, l; n�t , lt� ) → e + A(q+1)+∗ (n�a , la� ) + e
→ e + Aq+ (nr , lr ) + hν

(2.5a)
(2.5b)

In the case of radiative recombination when a free electron collides with an
ion and is captured by it into an ion bound state. The emitted energy will
be equal to the kinetic energy of the electron and the ionization energy of the
bound state:
e + Aq+ → A(q−1)+ (n� , l� ) + hν
(2.6)

The freed energy of the captured electron can be absorbed by a valence electron thus forming a doubly excited, autoionizing A(q−1)+∗∗ state (Eq.2.7). The
process is called dielectronic recombination (see Ref. [27]). After that the reaction can follow two channels: radioactive decay (Eq.2.7a) or autoionization
(Eq. 2.7b).
e + Aq+ (n, l) → A(q−1)+∗∗ (n� , l� ; n�� , l�� ) → A(q−1)+∗ (n�r , lr� )
→ Aq+∗ (n�a , la� ) + e

(2.7a)
(2.7b)
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A bound electron can spontaneously move to the lower energy state (Ref. [27,
28]). The emission energy will be equal the diﬀerence between the levels. These
process can be visualised as follows:
Aq+ (n, l) → Aq+ (n� l� ) + hν

(2.8)

The collision processes of neutral atoms with an incompletely stripped impurity ions can make the neutral to transfer its electron to an excited energy
level of an ion. Then the electron can decay to a lower level, as it was in
the radioactive de-excitation reaction (see Eq. 2.8), with emitting a photon
(Ref. [27, 28, 29]). The process can be illustrated as follows:
H 0 + Aq+ (n, l) → H + + A(q−1)+∗ (n, l) → H + + A(q−1)+ (n� , l� ) + hν

(2.9)

The contribution of each reaction in the passive emission spectrum is governed by rate coeﬃcients. The main object of study in this work is four
times ionized C atom with ionization energy 392 eV, or in spectroscopic notation - C v. It is a helium-like ion with 2 bound electrons. In this work we
will consider transitions from ground state to 1s-2p with observed wavelength
2270.91 Å(data was taken from [30]). Fig. 2.1 shows the rate coeﬃcients for
ionization and resonance excitation of the C v ion and also the radiative and
dielectronic recombination rates to C v (from C vi). Notice that the temperature at which the Cv would be 50% ionized, where the ionization and
recombination rates are equal < σi v >=< σr v >, is substantially below the
ionization potential χi . Excitation dominates over ionization and recombinations in temperature range of 75-300 eV. Ry is a Rydberg energy. For more
details see Ref. [31].

Figure 2.1: Rate coeﬃcients for collisional processes involving C v. For a
review see Ref. [31].
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2. Visible Spectroscopy in High Temperature Plasma

Ionisation sequence of ions

The high temperature in a future reactor plasma means the high ionization degree of bulk ions. The radial distribution of temperature leads to dependence of

Figure 2.2: Fractional abundance of carbon ions as a function of temperature.
ionization degree of ions on the radial position, since one of the main atomic
processes is the Coulomb collisions, or excitation by electrons (see previous
section) and therefore the ionization degree of a given ion depends on a temperature. Fractional abundance nz /nC of C 4+ ions, where nz represents the
density of given ion and nC is a total density of carbon ions, is shown in figure
2.2 by red line. Maxwellian distribution and equilibrium were assumed in these
calculations.

2.4

Broadening of the spectral lines

In plasma, spectral lines generally not monochromatic. The shape of spectral
lines, or even the position can be aﬀected by many factors. The main processes,
that can cause broadening of the spectral line are described in this section.
According to the quantum mechanical theory and Heisenberg’s uncertainty
principle, there is an uncertainty in measurement of the energy ∆E of any
atomic system, when measured along the half-life of that level ∆t, defined
as ∆E∆t ≥ h̄/2. In other words, quantum states of an atom do not have a
single energy E, but a small spread in energy ∆E, which leads to the natural
broadening of a spectral line (see Ref. [28, 29]).
When the emitter of radiation with wavelength λ is moving with velocity
projection v on the detector line-of-sight, frequency of detected radiation will

2.4 Broadening of the spectral lines
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have a Doppler shift ∆λ = λ − λ0 :
∆λ0
v
=
λ0
c

(2.10)

where λ0 is the rest wavelength and c is a speed of light. If the emitting ions
have Maxwellian distribution, the collective eﬀect gives rise to a broadening
of spectral line, named thermal Doppler broadening (Ref. [29]). However, the
non-thermal Doppler broadening also can take place in plasma, due to the
presence of turbulence (for more detail see Ref [24, 25, 26]). This eﬀect will
be discussed in following chapters.
Due to presence of an external electric and magnetic field in reactor plasma,
spectral lines of atoms and ions may also be splitted into several components.
The splitting causes a broadening of the total spectral line. The eﬀects are
called Stark eﬀect in case of electric field, and Zeeman eﬀect in presence of
magnetic field (Ref. [29]) .

22

2. Visible Spectroscopy in High Temperature Plasma

Chapter 3
Experimental Setup
3.1
3.1.1

The TJ-II stellarator: a flexible heliac
General information

The TJ-II is a four-period, low magnetic shear stellarator located in ”Centro de
Investigationes Energéticas, Medioambientales y Tecnológicass” (CIEMAT) in
Madrid, Spain (see Fig. 3.1). It was done in collaboration with the ORNL (Oak
Ridge National Laboratory, USA) and IPP Garching (Germany) (Ref. [32]).
The major and averaged minor radii are 1.5 m and 0.22 m, respectively. It

Figure 3.1: The schematic representation of TJ-II flexible Heliac Ref. [32].
was designed to explore a wide rotational transform range (0.9 ≥ ι(0)/2π ≤
2.2) in low, negative shear configurations (dι/ι < 6%). Its magnetic field is
generated by a system of 32 toroidal field (TF) coils, four vertical field coils
and the central conductor made up of two coils: a purely horizontal one of
3 m diameter and a helical winding wrapped around this coil. The centers of
TF coils and the helical winding follow a toroidal helix of major radius 1.5 m,
minor radius 0.28 m and pitch law θ = −4φ (where θ and φ are the poloidal
and toroidal angles). The bean-shaped magnetic surfaces for three diﬀerent
magnetic configurations are shown in Fig. 3.2. The main parameters of TJ-II
are summarized in Tab. 3.1.
23
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Figure 3.2: Sketch of the plasma cross-section for three diﬀerent magnetic
configurations Ref. [33].
Parameter

Value

Major radius, R

1.5 m

Average minor radius, < a >
Magnetic field, B0

≤ 0.22 m
< 1T

Electron temperature, Te

≤ 2 keV

Ion temperature, Ti

≤ 150 eV

Electron density (ECRH), ne
Electron density (NBI), ne
Rotational transform
Plasma volume, V
Working gas

≤ 1.5 · 1019 m−3
≤ 8 · 1019 m−3

0.9 ≥ ι(0)/2π ≤ 2.2
1 m3

Hydrogen, Deuterium

Table 3.1: Values for characteristic plasma parameters for diﬀerent discharges.
Plasmas are heated using two systems: ECRH and NBI. ECRH consists
of two gyrotrons operated at 53.2 GHz, the second harmonic of the electron
cyclotron resonance frequency (PECRH ≤ 600 kW, tdischarge ≤ 300 ms) and
central electron densities, ne (0), and temperatures, Te (0), up to 1.7 × 1019 m−3
and 1 keV, respectively, are achieved in ECRH plasmas (see Tab. 3.1). The
NBI system will be discussed at the following section.

3.1.2

NBI system

The NBI system at TJ-II consists of two tangential injectors in the co-counter
configuration: NBI 1 and NBI 2, parallel and anti-parallel to the magnetic field
(up to 700 kW from each). The geometry of TJ-II NBI system at the experimental hall is depicted in Fig. 3.3. The typical duration is about 100 ms and
a total current of 50 A. Typical central electron densities, ne (0), and temperatures, Te (0), in NBI discharges are up to 5×1019 m−3 and 0.3 keV, respectively.

3.1 The TJ-II stellarator: a flexible heliac
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Figure 3.3: The geometry of TJ-II NBI system at the experimental hall. The
upper part of the figure corresponds to the North direction. The injection
ports of NBI 1 and NBI2 are marked as D8 and C1, respectively.
Ions from a source are accelerated to 30 keV and are neutralized, passing
through a neutral gas target. The ions, that have not been neutralized, are
deflected from the beam path by a magnetic field. Although, the accelerated
particles are generally hydrogen (H + , H2+ , H3+ ), impurity ions, in H2 O, may
also be presented in the ion source. After being accelerated, the ions undergo
the charge exchange interaction, whilst the molecular ions dissociate and later
the charge exchange with a H2 gas target. Due to the momentum conservation,
the resulting neutral particles have energies mE/M where m and M are the
atomic masses of the resulting neutral particle and the initial ion, respectively,
and E is the energy of the principal particle, after being accelerated. Therefore,
the neutral hydrogen atoms, which have origin from H + , H2+ , H3+ or H2 O,
have the energies, correspondingly, E, E/2, E/3 and E/18. As a result, these
atoms have diﬀerent Doppler shift ∆λ = λv/c; here λ is the wavelength line
emission of the rest particle, ∆λ is Doppler shift of the particle, that moves
with velocity v (projected along the line-of-sight), and c is the speed of light.
The eﬀect could be seen in Fig. 3.4, where the Doppler-shifted Hα spectrum
of the neutral beam components collected through the central chord of the
passive spectrometer in a case without plasma is shown. The experimental
data points (red dots) were fitted by a set of Gaussians, individually for each
component (black lines). The resulting fitting curve is depicted by a thick blue
line.
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Figure 3.4: Doppler-shifted Hα spectrum of the neutral beam of NBI 1 injector
collected through the central chord of the passive spectrometer.
The simulation for NBI 2 power density in the poloidal (R is a major radius
and Z is counted from the position of the helical coil, depicted as a black cross)
cross section of spectroscopic system (the black line represents the vacuum
chamber walls) is plotted in Fig. 3.5. Here, the green curve images the last
close surface and the red lines correspond to the power density outlines with
the lowest value on the outward. The center of plasma and the maximum of
the power density are shown as green cross and black star, respectively. The
initial NBI 2 power of 500 kW and the magnetic configuration of 100 44 64
were chosen for simulation.
In order to stop the neutrals that were not absorbed in plasma, graphite
tiles are implanted.The carbon atoms evaporated from the tiles contaminate
the plasma. The graphite tiles are the main source of the carbon, because the
amount of sputtering from the metallic walls is reduced by evaporating Boron
and Lithium for coating them. In spite of the lack of carbon ions in plasma,
the diagnostic based on analysis of C v spectral line can be still performed in
TJ-II plasmas.

3.2

Spectrometers, optics and observation geometry

The spectral line shapes of ions C 4+ and Hα intrinsically presented in TJ-II
plasma have been recoded using high spectral resolution spectrometers that
view the plasma at angles perpendicular to the main magnetic field through

3.2 Spectrometers, optics and observation geometry
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Figure 3.5: The simulation for NBI 2 power density in the poloidal cross section
of spectroscopic system (the black line represents the vacuum chamber walls).
The coordinate system was chosen as following: R is a major radius and Z is
counted from the position of the helical coil, depicted as a black cross. The
green curve and the red lines correspond to last close surface and the power
density outlines with the lowest value on the outward respectively. The center
of plasma is shown as green cross and the maximum of the power density is
shown as black star. The initial NBI 2 power of 500 kW and the magnetic
configuration of 100 44 64 were chosen for simulation.
fibre guides. One of the spectrometers has spatial resolution capabilities, whilst
the other one monitors the emission lines, with higher time resolution. Both of
them are placed in the same vacuum window, the location of wich with respect
to the NBI heating system is shown in Fig. 3.6.
In the present section, both spectroscopic systems as well as an analysis
method of obtaining data are described.

3.2.1

Wavelength study with spatial resolution

In order to perform a wavelength analysis, a high resolution multi-channel
spectrometer, that simultaneously sampling nine equally spaced lines of sight,
was used to obtained data. The plasma emission passes trough a rectangular fused-quartz window and than relayed into the spectrometer via bunch of
fibers made of 1 mm diameter silica. The channels are separated by 25 mm in
plasma and they are distributed so as to cover most of the plasma cross-section.
Fig. 3.7 illustrates the distribution of the 9 channels (laying in one plane) and
their position in a typical TJ-II plasma shape. The integration line of 9th
fiber passes via top part of the plasma, whereas the information collected by
the first channel corresponds to the bottom part of the plasma. The setup of
the system is quite flexible. The set of 9 channels can be shifted upwards and
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Figure 3.6: Position of the spectroscopic systems with respect to the NBI
heating system [23].
downwards as a complete unit and each channel head can be tilted. The more
information can be found from works [16, 23, 34, 35].

Figure 3.7: Observation geometry of the multi channel system and vacuum
chamber showing a typical TJ-II set of contours corresponding to the standard
magnetic configuration 100 44 64 [23].
The system is equipped with a Czerney-Tunner image-corrected spectrometer with a 1200 lines/mm grating that covers a broad range of wavelength. The
signal is recorded into a CCD camera 400 × 1400 active pixels size of 19 µm
(model OMA IV by EG&G) [34]. However, this spectroscopic system does
not have a good temporal resolution and is not capable for study evolution of
spectral lines. For this purpose the setup described in the following section
was used.

3.3 Analysis method

3.2.2
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Temporal study of the line intensity

The advantage of using multi-channel system is obvious in term of spatial
resolution. However, it also can lead to the drawbacks. One of them is lack
of signal per channel. Therefore, in order to obtain data, more time should be
used for integration. For that reason the spectroscopic system monitors the
emission lines along a fixed chord collinear to any of the nine spatial channels.
The signal from the plasma is relayed via a 5 mm diameter lens and 2 m long
fiber similar to the one, that is used in spectroscopic system with good spatial
distribution. The fiber length should be kept small in order to obtain a better
light collection. A schematic of the experimental setup is shown in Fig. 3.8.

Figure 3.8: A schematic of the setup used for time resolution experiments in
TJ-II stellarator [36].
A 1 m focal length Czerny-Turner spectrometer (model 2051 by McPherson) equipped with a 1200 lines/mm grating was used as an analyser of the
signal. In addition, the system was improved by intensified silicon photodiode
array (OMAIII, model 1420, provided by EG&G Princeton Applied Research
Corporation), sensitive over a wide spectral range (200-900 nm), having 700
active pixels, 25 µm wide by 2.5 mm high, placed in focal plane for recording
the spectral emission lines. For more detail see [36].

3.3

Analysis method

According to Ref. [37] the analytical expression for the C v (2270.89 Å) spectral
line can be represented by a Gaussian profile and takes the form:
�
�
2F W HM (ρ)
(λ − λ0 − ∆λ(ρ))2
√
I(λ, ρ) =
�(ρ) exp −
(3.1)
F W HM (ρ)2
π
with the emissivity radial profile given by:
�
�
2δ
(ρ − ρ0 )2
�(ρ) = √ exp −
δ2
π

(3.2)
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Where ρ = r/a is eﬀective radius, λ is a wavelength, λ0 the ion wavelength

Figure 3.9: Simulated spectral line emission 2270.89 Åfor central chord after
integrated through the line-of-sight [37].
at rest, ∆λ is the shift of the line due to the Doppler eﬀect, ρ0 is the eﬀective
radius of maximum emissivity, δ is the full-width at half-maximum (FWHM),
related to the ion temperature by:
�
2λ0 2 ln(2kTi )
F W HM =
(3.3)
c
mi
Here k is Bolzmann’s constant, mi is ion mass, c is speed of light. As an
example, the simulated spectral line corresponding to the C v ion for central
chord after integrated through the line-of-sight is depicted in Fig. 3.9 [37].

Chapter 4
Experimental Results
The strong Coulomb coupling between fast ion component from the NBI injection and plasma bulk ions (including impurities) supporting the study of the
suprathermal generation and confinement mechanisms by passive spectroscopic
methods. In this work the spectral systems are used for measurement Hα or
C 4+ (C v) line emissions at 6563 Å and 2271 Å (in third diﬀraction order),
respectively. In the TJ-II stellarator, both lines are well isolated, and if they
have some low intensity lines that contaminate the line wings for some chords,
the data analysis can account it from them. It should be also mentioned, that
in a device like TJ-II, where very eﬀective wall conditioning techniques are
being used, the amount of C ions, and therefore the intensity of emission lines,
is very low. Because of this, prominent and isolated lines of other ionization
stages of carbon ions are not available for standard hot discharges.
Time evolution and spatial profiles of temperature, population and relative
energy content for fast and thermal components of Hα and C 4+ were obtained
in several discharges with NBI heated plasma. Additionally, we compared
diamagnetic energy of two selected discharges in order to show the role of fast
ions in the total energy balance. These experiments will be further explained
in the present chapter.

4.1

Analysis technique and typical results

The basic waveforms for typical discharge #37640 with magnetic field configuration 101 42 64 are shown in Fig. 4.1 left. The heating was performed
by two NBI systems (PNBI1 = 610 kW, PNBI2 = 450 kW), as it is depicted in
Fig. 4.1(a). The negative sign of plasma current in Fig. 4.1(b) represents the
counter-direction with respect to toroidal magnetic field. The two main sources
of hydrogen gas in TJ-II are the NBI system and gas puﬃng. The valve voltage
of gas puﬃng system and the signal from the Hα diode are shown by dashed
black and solid blue line respectively in Fig. 4.1(c). The radiation monitors are:
bolometer, C v and soft X-ray monitors (Fig. 4.1(d)-(g)). The spectroscopic
system integrates the emission during whole discharge. The data obtained
from each channel were analyzed using the method previously described.
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Figure 4.1: Typical NBI plasma discharge #37640 with magnetic configuration 101 42 64 (left). The evolutions of: (a) line-average electron density; (b)
plasma current; (c) the voltage applied to the piezoelectric gas valve and the
Hα monitor response at that position; (d) bolometer; (c) C v monitor; (f)
soft X-rays with 8 µm Be filter. The data in (b)-(f) are presented in arbitrary
units. Fitting of the 2271 Å emission line for chord 5 in discharge #37640
(right). The thermal (dotted olive line) and suprathermal (dashed green line)
Gaussian components of C 4+ , and two additional Gaussians for low intensity
contaminating lines are shown by solid curves.

Fitting of the 2271 Å line emission for the channel 5 in discharge #37640 is
shown in Fig. 4.1 right. The fitting was performed with four Gaussians, corresponding to the thermal (dotted olive line) and suprathermal (dashed green
line) components of C 4+ , and two for low intensity contaminating lines ([23]).
Thermal and suprathermal ion chord integrated profiles are shown in Fig. 4.2
by blue dashed and red solid curves, respectively. Chords are numbered from
nine (top) to one (bottom). The fast ion component has maximum temperatures of around 2 keV, while the thermal component has temperature around
100 eV in the maximum, see Fig. 4.2(a). It is important to notice that the
two local maximum of fast ion temperature profiles do not match with local
maximum of the population profile. The particle population for a channel
along the line-of-sight can be defined as an integral of corresponding Gaussian
functions over the wavelength range of interest. The relative energy content
of each component can be estimated as the number of corresponding particles
multiplied by their average temperature. In Fig. 4.2(b) population of thermal
and suprathermal C v ions peaking at channels adjacent to centre are shown.
It is clearly seen, that the number of the first component is greater than the
number of the second one by factor 3. In spite of this fact, the total energy
content of the fast component is 10 times greater than that of the thermal
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Figure 4.2: Typical spatial behaviour of thermal (dashed blue) and suprathermal (solid red) C 4+ ions for: (a) temperatures; (b) C 4+ populations peaking
at channels adjacent to the centre; (c) relative energy contents. The spectroscopic system was operating from 1020 to 1090 ms. Notice the significant
energy content of the suprathermal component compared to the thermal one
in spite of its smaller population.
component, see Fig. 4.2(c).
The result obtained for C v suprathermal component can be compared
with suprathermal population of hydrogen ions in order to investigate the
interaction between these two species. For that purpose the analysis of Hα
6563 Å line was also carried out. The main traces of discharge #37622 with
magnetic configuration 100 44 64 are depicted in Fig. 4.3 left. In this case,
plasma was heated by two NBI systems (PNBI1 = 610 kW, PNBI2 = 450 kW). In
order to investigate the fastest component of Hα line, a six Gaussian fitting to
the emission around 6562 Å was performed. Results of such a fitting for the 6th
chord are depicted in Fig. 4.3 right. It was assumed, that the second Gaussian
represents the thermal component (olive dotted line), whose temperature is
comparable to that measured by the NPA, while the first Gaussian comes
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Figure 4.3: NBI plasma discharge #37622 with magnetic configuration
100 44 64 (left). The evolutions of: (a) line-average electron density; (b)
plasma current; (c) the voltage applied to the piezoelectric gas valve and the
Hα monitor response at that location; (d) bolometer; (c) C v monitor; (f)
soft X-rays with 8 µm Be filter. The data in (b)-(f) are presented in arbitrary
units. Fitting of the line 6563 Å line emission for chord 6 in the NBI discharge #37622 (right). Thermal (dotted olive line) and suprathermal (dashed
green line) Gaussian components of Hα , and two additional Gaussians for low
intensity contaminating lines of C II are shown by solid curves.
from the cold neutrals. The suprathermal component is depicted in Fig. 4.3 as
dashed line. The low intensity contaminating lines of C II ions (6578.05 Å and
6582.88 Å) were also taken into account in the fitting. The temperatures,
populations and energy contents for thermal and suprathermal Hα components
are shown in Fig. 4.4. As it was in the C v case, the thermal temperature
maximum is about 100 eV, whereas the maximum of suprathermal component
is 2 keV. In contrast with C v, Hα suprathermal temperature peaks in the
plasma core coinciding with the centre of the neutral beam, see Fig. 3.5. The
population of thermal ions is again greater than the population of suprathermal
one but both of them,as well as the energy content of both components, are
shifted toward the top of the plasma bulk. Nevertheless, the total amount of
energy of the fast component is again one order of magnitude greater than that
of the thermal component. As it was shown in Ref. [24, 25, 26] the apparent
temperature, Tz , depends not only on the true ion kinetic temperature, Tp , but
also on the turbulence temperature, Tturb , which leads to non-thermal Doppler
broadening of spectrum lines. The dependence can be written as:
Tz = Tp +

mz
Tturb
mp

(4.1)

where mp and mz are the proton and impurity ion mass, respectively. Nonethe-
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Figure 4.4: Typical spatial behaviour of thermal (dashed blue) and suprathermal ions (solid red) measured through Hα emission for: (a) temperatures; (b)
ion populations; (d) energy content. The spectroscopic system was operating
during 1060-1090 ms. Notice the important contribution of the suprathermal
component to the total energy content.
less, the suprathermal temperatures of both C v and main ions deduced through
the Hα emission are in the same range, as it is shown in Fig. 4.5. We must highlight that this expression is valid for ion populations in thermal equilibrium.
However, it is not necessarily applicable to fast ions whose thermalization in
TJ-II is limited mainly because its lifetime into the plasma is smaller than its
thermalization time (see Ref. [38, 23]).

4.2

Temporal resolution studies

As it was shown in previous sections, the energy, contained in the fast ion
component, is almost in one order of magnitudes higher then in thermal.
Therefore, the suprathermal component should leave some track in the to-
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Figure 4.5: Chord integrated temperature profiles of suprathermal Hα (dashed
green) and C v (solid red) ions.

tal energy balance. For that reason we chose two similar cases diﬀering in
total diamagnetic energy. The time traces of the two discharges, that we
have chosen for this investigation, are shown in Fig. 4.6(a)-(f) in blue dashed
lines for #39517 and in red solid lines for #39534. The magnetic configuration for both cases was 100 35 61 and the plasma was heated by two NBI
(PNBI1 = 500 kW, PNBI2 = 420 kW). The operating time window of spectroscopic system is shown as two vertical blue lines. Electron density, pressure
and temperature profiles obtained at 1110 ms by Thomson scattering (TS) are
depicted in Fig. 4.6(g)-(i). One can notice the TS electron density profiles are
almost identical (see Fig. 4.6(g)), whereas the densities, obtained from interferometer, see Fig. 4.6(a), are diﬀerent at 1110 ms. From that, one can conclude,
that the main diﬀerence between these two discharges is at the plasma periphery.
Thermal (dashed line) and suprathermal (solid line) data of chord integrated results along time, taken along chord 4, are shown in Fig. 4.7 for #39517
(blue solid squares) and #39534 (red empty dots). The measurements were
taken every 15 ms along the entire discharge. Again, as it was in spatial case,
the temperature of fast component is greater than the thermal ion temperature in one order of magnitude (see Fig. 4.7(a)). Despite the fact that the
population of fast ions is about two times less then the number of thermal one,
the energy content of suprathermal ions is significantly larger.
Taking into account the suprathermal ion energy Wisp , one can find the
total energy W as:
W = We + Wi + Wisp

(4.2)

Where We and Wi are thermal electron and ion energy content. Assuming
Wisp = R · Wi , where R is relative index and the fact that the ratio of electron
and ion energy estimated from experimental data, the ion thermal energy
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Figure 4.6: The NBI plasma discharges #39517 (dashed blue line) and #39534
(solid red line) with magnetic configuration 101 35 61. The evolutions of: (a)
line-average electron density;(b) total diamagnetic energy; (c) plasma current;
(d) bolometer; (d) C v and (d) soft X-rays monitors. Notice the diﬀerence in
total energy. The spectroscopic system was operating during entire discharge,
measuring the emission every 15 ms. Spatial profiles of electron (g) density;
(h) pressure and (i) temperature taken at 1110 ms.
content is Wi ≈ We /3. The energy balance can be rewriting as:
W = We +

We
We
+R
3
3

(4.3)

As it can be seen from Fig. 4.6, the electrons pressure profiles of two discharges
are alike, hence the electron energy are equal. Therefore, the relation between
total energies of two discharges can be find as:
W1
4 + R1
=
W2
4 + R2

(4.4)

Where indexes 1 and 2 correspond to #39517 and #39534, respectively. The
ratio of total energies obtained from spectroscopic data (red dots) and from
diamagnetic loop (blue line) are shown in Fig. 4.8. The red dots are in good
agreement with blue curve.
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Figure 4.7: Chord integrated integrated spatial profiles of thermal (dashed line)
and fast ion (solid line) components obtained from C v spectral line in the NBI
plasma discharges #39517 (blue solid squares) and #39524 (red empty dotes)
for: (a) suprathermal and thermal temperatures; (b) fast C 4+ ion populations
peaking at channels adjacent to the centre;(c) relative energy content.
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Figure 4.8: Relation between total energies of discharges #39517 and #39534
obtained from spectroscopic data (red dots) and diamagnetic loop (blue curve).
Good overlap is noticeable.

Figure 4.9: Evolution of normalized soft X-ray intensity profiles for the discharges: (a) #39517 and (b) #39534.
Though, the relation between energies obtained from spectroscopic data
and from diamagnetic loop reasonably match there are two points that fall
out from the comparison. The first point is at 1050 ms, corresponding to the
changing the heating phase between NBI 1 and NBI 2 (see left Fig. 4.6(a)).
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The integration along only one chord has its disadvantages. For example, it
is hard to distinguish between local and global changes of plasma profiles,
that can leave some track in spectroscopic measurements. This drawback can
explain a discrepancy between the point at 1120 ms and the diamagnetic data.
For that reason, soft X-ray profiles were compared for the two discharges. The
evolution of normalized soft X-ray intensity profiles is shown in Fig. 4.9 for
discharges #39517 and #39534. The discrepancy between two cases can be
seen in time windows 1060 - 1080 ms and 1110 - 1130 ms. This fact could mean
that during these time windows, the plasmas of two discharges had diﬀerent
either electron density or electron temperature profiles. Therefore during these
intervals our assumption about electron energy is inaccurate.

Chapter 5
Conclusions
In order to investigate whether the unthermalized component of the fast ions
from NBI injection leave any track in prominent impurity emission lines and
hydrogen emission, we have studied the dynamics of C 4+ and protons via Hα
emission line wings by high spectral resolution spectroscopy. These two lines
were chosen because they are prominent and isolated in TJ-II plasma. Two
high spectral resolution spectrometers that view the plasma almost perpendicular to the main magnetic field through fibre guides were used for recoding
with spatial and time resolution the spectral line shapes of C v and Hα at
2271 Å (in third diﬀraction order) and 6563 Å, respectively. The measurement
were complicated by the weak intensity of impurity emission, due to the effective coverage with Li of the TJ-II walls. This eﬀect was compensated by
increasing the measurement integration time. However it also leads to drawbacks: decreasing the time resolution of measurements and increasing the error
bars.
The spectral lines were fitted by set of Gaussian functions in order to
obtain the time evolution and special distribution of temperature, particle
population and relative energy content of fast and thermal ion components
along the spectroscopic system line-of-sight for both ions.
Spatial analysis has shown that though, C 4+ and Hα ions have diﬀerent
temperature profiles, the temperature of the suprathermal ions is a factor of
10-20 greater than the thermal one. In addition, although the suprathermal
ion population is smaller than that of the thermal one, its contribution to the
energy balance is 10 times greater than the thermal one and therefore cannot
be neglected from ion energy transport analysis. Similar behaviour has been
deduced from temporal resolution measurements.
The comparison of diamagnetic plasma energy with relative energy content
of suprathermal component also has shown that fast ions play significant role
in total energy balance in spite of their small amounts present in the plasma.
All of these facts point out on the strong coupling between C 4+ ions and
unthermalized component of the fast ion from the NBI. Therefore the analysis
of C v emission line by two Gaussians could provide an alternative method to
those already existing to monitor the spatial and temporal resolution of fast
41
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ions inside a hot plasma. Other representative ion should be chosen in other
fusion plasmas with diﬀerent temperature ranges.
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