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Resumo 

 
Este programa de Mestrado tinha como objectivo a realização dos testes experimentais 

necessários para estabelecer uma configuração adequada de um diagnóstico de temperatura 

electrónica para os plasmas de alta densidade do TJ-II, com resolução temporal e espacial, baseado 

nos métodos de detecção dos raios-X moles. Para conduzir este estudo utilizaram-se dois 

diagnósticos do TJ-II distintos: 

• Um sistema de espectroscopia de baixa resolução, nomeadamente, um detector de germânio 

intrínseco funcionando no modo da análise da altura de pulsos (Pulse Height Analysis - PHA) e 

equipado com diferentes filtros, de modo a determinar a energia característica da função 

distribuição electrónica; 

• Um sistema de tomografia de raio-X, possuíndo cinco câmaras com 16 canais de fotodíodos de 

Si que observam uma secção eficaz completa do plasma, para determinar a evolução temporal 

dos mapas de emissividade dos raios-X moles em distintas janelas de energia. 

A razão da luminosidade entre cordas de visão espacialmente equivalentes de detectores de 

duas câmaras com diferentes filtros, foi comparada sistematicamente com a temperatura electrónica 

deduzida dos espectros obtidos pelo PHA em plasmas com condições bastante distintas, tais como a 

potência de aquecimento, configuração magnética ou composição de impurezas. A combinação 

destas duas técnicas permitiu aceder à natureza local das medições. 

Os resultados obtidos neste trabalho conduzem à conclusão que o método dos dois filtros é uma 

opção adequada para um diagnóstico multicanal de temperatura electrónica em plasmas de alta 

densidade no TJ-II 

 

 

 
Palavras-chave: Energia de Fusão, Plasma, Emissão de raios-X moles, Função distribuição de 

energia electrónica, Temperatura electrónica, Espessura dos filtros. 
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Abstract 
 

The aim of this Master programme was to perform the necessary experimental tests to establish 

an adequate setup of an electron temperature diagnostic for high-density, with temporal and spatial 

resolution, based on soft X-ray detection methods. To carry out this study, we have employed two 

different diagnostics of TJ-II: 

• A low resolution spectroscopic system, namely, an intrinsic germanium detector working in pulse 

height analysis (PHA) mode and equipped with different filters, to determine the characteristic 

energy of the electron distribution function; 

• An X-ray tomography system, five 16-channel Si photodiode cameras observing a complete 

plasma cross-section, to determine the time evolution of the soft X-ray emissivity maps in 

different energy windows. 

The brightness ratio of spatially equivalent detector viewing chords from two cameras with distinct 

filters, was systematically compared with the electron temperature deduced from the PHA spectra 

under different plasma conditions, such as heating power, magnetic configuration or impurity 

composition. The combination of these two techniques has permitted to assess the local nature of the 

measurements. 

The results of this work lead to the conclusion that the two-filters method is a suitable option for a 

multi-channel electron temperature diagnostic for high temperature plasmas in TJ-II. 
 

 

 
Keywords: Fusion Energy, Soft X-ray emission, Electron energy distribution function, Electron 

temperature, Filters thickness. 
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CHAPTER 1 
 

INTRODUCTION 
 

 

 

1.1  Fusion Energy 
1.1.1  Introduction 

The world population growth and its consequent energy consumption, especially in the developing 

countries, indicate that in the long run we will witness an increasing energy demand. Although the 

fossil energy sources do not have yet a close expiration date, they are not unlimited and they do 

possess a negative impact in the world environment. Worldwide opinions diverge whether global 

warming is a myth or fact, but they seem to agree upon the urgent necessity of finding positive and 

safe energetic sustainability. But there are many other important consequences resulting from this 

problem such as economy crisis, relations between environmental groups and enterprises, 

international relations, etc. 

Pursuing a solution we come upon two strong possibilities that are being investigated and 

developed to face this urgent problem: renewable and nuclear energy. Renewable energies represent 

already a reality. Society, in general, has learned to accept them without boundaries since they do not 

represent a safety threat and they are environmentally friendly. Let us consider, for example, the 

implementation of the photovoltaic power plants in Portugal. Well accepted by the population, they 

represent a 20 GW/h yearly production, avoiding more than 19 000 tons per year of CO2 emission1. 

However, no matter how positive this type of energy supply can be it can only cover a small amount of 

energetic demands over large areas. Nuclear Energy, on the other hand, presents itself as a powerful 

solution since it can provide larger amounts of power units. It can be released by splitting (fission) or 

merging together (fusion) the nuclei of atoms. It is very important to make a clear distinction between 

these two branches, first because they are different physical processes and second, to give to society 

the power to differentiate them. For better or worse, public opinion is one of the most powerful forces, 

thus it is very important to transmit a comprehensible explanation of what nuclear energy we are 

talking about when we use the expression nuclear fusion. 

                                                 
1 In http://www.catavento.pt/ 
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Few people understand the difference between fusion and fission, having the misconceived idea 

that they are both “bad” because both share the word nuclear. Fission energy is commonly related to 

weapons of mass destruction and accidents in nuclear reactors as the one at Chernobyl in 1986. 

Besides, it also presents the fact that its wastes are a long-term burden. Then we come upon people 

who know the difference between these two types of energy, but that can still argue about its safety 

and relate it with hydrogen bombs, also called thermonuclear weapons. This is why it was adopted the 

term thermonuclear controlled fusion. In order to generate net energy, fusion requires precisely 

controlled conditions, and if the reactor suffered any damage these conditions would be disrupted and 

the heat generation would cease. 

For the long term, fusion represents a large scale energy resource that has a low impact on the 

environment. In addition it is safe and cheap, with vast, widely distributed and almost unlimited fuel 

reserves. And if this information is passed to society in a comprehensible way, fusion will be well 

accepted. 

 

 

1.1.2  Fusion on Earth 
Since the beginning of time stars have been ‘staring’ at us, becoming part of our fantasies and 

legends. There was a time when Man thought that the light and warmth of the Sun was made by 

combustion. Of course that idea proved to be completely wrong, since the amount of fuel for that 

would have to be unimaginable. The first scientific step towards the development of an accurate 

theory about the production of energy in stars takes us to 1905, when Einstein introduced his famous 

equation of mass-energy equivalence: E = mc2. In a particular simple way it states that a small amount 

of mass can be converted in an extreme quantity of energy.  It took 15 years before another crucial 

step was taken. Experimental results on atomic masses obtained by Francis Aston, demonstrated that 

the union of four hydrogen atoms possess a larger mass than their product, one helium atom [1]. 

These two facts combined showed astronomers that they might have found the answer for the energy 

production in stars. Ultimately, in 1939, Hans Bethe would publish an article on which he explained the 

generation of fusion energy on stars. 

The principle of fusion is rather simple since it only involves the two most abundant elements in 

the Universe: hydrogen and helium. The Sun, possessing a strong gravitational force can keep these 

light elements attached, consisting almost totally in hydrogen. The energy release occurs through the 

conversion of four protons into a helium nucleus, applying the mass defect it becomes easy to 

understand why liberation of energy occurs. But this process is not so linear, it takes three stages. The 

first, with an enormous time scale, joints two protons forming a heavy hydrogen isotope, designated 

Deuterium, and a positron. Deuterium nucleus will be combined with another proton, resulting in a light 

helium isotope, helium-3. The last step is the combination of two helium-3 nucleus that forms helium-4 

and releases two protons. Although this is a reasonably process to accept for the stars, the truth is 

that the first step is too slow to make fusion a viable energy source on earth. Thankfully, opposite to 

the Sun, we may jump the first step and initiate the fusion reaction immediately in step two. 
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The earth may not have a gravitational force strong enough to maintain gaseous hydrogen down 

here but, if this element is combined with heavier ones, it will remain attached. The largest amount of 

hydrogen on earth exists as water in the oceans where, as remaining of cosmological processes, it is 

possible to encounter deuterium. Now, there is more than one possibility to proceed but after some 

studies, the most viable fusion reaction is the one that releases more energy, simultaneously requiring 

a lower temperature: 

MeVnHeTD 6.170
1

2
4

1
3

1
2 ++→+                                               (1.1) 

The only problem was the use of tritium which does not naturally occurs on earth. Tritium is a 

radioactive element with a lifetime of 12.3 years, which makes impossible to constitute reserves, 

opposite to deuterium. The breeding of tritium solves a problem existing with the products of 

Deuterium-Tritium reaction, the resulting neutron. Combining it with Lithium-6 it is possible to obtain 

tritium plus some more energy: 

MeVTHenLi 8.4246 ++→+                                                   (1.2) 

In this sense, it is possible to establish that a future fusion power plant will only have as fuels 

water and lithium, from which it will be obtained deuterium and tritium, and as residual product helium 

(Figure 1.1). The two nuclei have to be brought to a distance equivalent to their atomic size. This is the 

only way that the attractive force overcomes the repulsion force existing between them due to their 

equal polarity. For this to take place an enormous quantity of energy is required. Fortunately, the 

quantum mechanical tunnel effect enables the fusion reaction at energies smaller than the ones 

needed for overcoming the Coulomb barrier. 

 
Figure 1.1: Global fusion reaction: the fuels are deuterium and lithium; the residual product will be helium 

The probability for this process to happen is given by its cross-section. This is a measure that 

relates the target area with the energy of the bombarding particles. Figure 1.2 compares the cross-

sections for the different typical fusion reactions. 
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Figure 1.2:  Cross-sections for DT, DD and D3He reactions with respect to the energy of the deuteron ions. 

The analysis of this figure clearly shows that the DT reaction is the one that gives the highest 

probability of fusion to happen, that is, higher cross-section and lower energy ( ). The best 

way to supply this kind of energy is by heating the DT mixture to a sufficiently high temperature 

( ), this will allow the nuclei to acquire the correct thermal velocities which will enable the 

reactions. At this temperature, the gas particles will collide with each other releasing the electrons of 

the atoms. The nearly equal number of electrons and ions permit the designation of quasi-neutral gas 

known as plasma, the fourth state of matter. 

keV100≈

MK116≈

 

 

1.1.3  Confinement 
Gathered these conditions we need to maintain them, otherwise the particles will loose their 

energy and will leap out from the reaction region. It is necessary to confine the plasma in order to 

extend the reaction. Due to the high temperatures applied no ordinary material will manage to contain 

it. Excluded the possibility of gravitational confinement, there are two other possibilities: inertial 

confinement and magnetic confinement. Inertial confinement initiates the fusion reactions by heating 

and compressing the fuel, generally in the form of a pellet containing a deuterium-tritium mixture. The 

target surfaces will be rapidly heated by, for example, a high-intensity laser beam. The outer surface 

will explode producing an inward reaction that will heat the fuel in the center allowing the fusion 

reactions to take place. The high density will be reached in such a small time interval not allowing the 

particles to move much further because of their inertia, thus preventing the plasma to reach the walls 

of its container. Magnetic confinement is based on the use of a magnetic field which creates a barrier 

between the plasma and the walls. Since the plasmas are susceptible to the magnetic and electric 

fields, with this confinement the charged particles are “forced” to describe helical paths around the 

force lines of the magnetic field, and prevent them from reaching the walls of the vessel. This is the 

method on which the current magnetic confinement fusion program is based and it is used in the 

majority of fusion machines. 
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1.1.4  Ignition 
For a fusion power plant, the next main question would be how to balance the energy input and 

output. The DT reaction releases an amount of energy shared by the alpha particles, with 3.5 MeV 

(approximately 20% of the total energy), and the neutron, with 14.1 MeV (80%). The neutron, being 

chargeless, crosses the plasma unaffected by the magnetic field and interacts with the surrounding 

structures. Due to its positive charge, the alpha particles will be trapped in the magnetic field lines. 

After the initial external heating, the energy of the alpha particles can be used to maintain the plasma 

at the required temperature. The fusion reaction would then be self sustained, which is commonly 

known as Ignition. 

The requirement for ignition is the existence of a balance between the power loss and the           

α-particle power, this ratio is named . A value of  = 1 (breakeven) means that 20% of the applied 

heating power belongs to the α-particle power. When the externally supplied power is removed 

, for example, one of the goals of ITER is to be able to produce 

Q Q

∞→Q 10=Q . This balance involves 

the three principal parameters of the plasma: density, temperature and energy confinement time. The 

density  represents the particle number (fuel ions) per cubic meter, the temperature (T ) is the 

plasma ion temperature in kilo electron-volts and, the energy confinement time 

)(n

)( Eτ  is the ratio 

between the total energy in the plasma and the rate at which is lost, with units in seconds. The product 

of them it known as triple product and it has to be higher than a certain value so ignition is 

accomplished, . This value is valid only for temperatures in the range of       

10 - 20 keV and for magnetic confinement. 

keVsmnT E
321106 −×≈τ

 

 

1.1.5  Magnetic Confinement 
There are two main configurations on which the magnetic confinement is applied, the tokamak and 

stellarator configurations.  

The stellarator was invented by the astrophysicist Lyman Spitzer, at Princeton University in 1951 

[1]. In this configuration the magnetic field is produced by external coils wrapped around the plasma 

torus (Figure 1.3). The vacuum vessel and central coils present a complex twisting surrounded by high 

powered magnets responsible for the confinement. The advantage is that the currents generated by 

the external coils can be controlled from outside and enable the stellarator to operate continuously. 

However, their 3D geometry makes them rather complex to design and build. For example, the out-off-

plane magnets are much harder to build than the simple planar ones. 
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Figure 1.3: Schematic view of a stellarator. 

The tokamak configuration was proposed by two Russian physicists, Tamm and Sakharov. The 

word tokamak is derived from the Russian words for toroidal chamber with magnetic field. Figure 1.4 

shows the tokamak concept. In this configuration, the toroidal magnetic field is created by simple coils 

with the shape of a torus and, the poloidal magnetic field is mainly generated by an electrical current 

that flows in the plasma. This current is induced by a transformer. Presently, the tokamak 

configuration is widely spread around the world and it is the one that will be adopted in the 

International Thermonuclear Experimental Reactor (ITER). Of course this configuration also has some 

disadvantages, being one the uncontrolled fast plasma current decays which can give rise to large 

forces on the machine, the so-called disruptions. 

 
Figure 1.4: Schematic view of a tokamak. 

In spite of the differences between them, both are directed to the same goal; finally bring fusion 

energy down to earth. 
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1.2  TJ-II Stellarator 
The TJ-II stellarator is a magnetic confinement device, located at the Spanish institute Ciemat. It 

was designed with the purpose of studying the physics behind the effect of a helical magnetic axis 

upon the plasma confinement for different values of the rotational transform. 

 
Figure 1.5: TJ-II overview 

The magnetic confinement is achieved through several sets of coils that completely configure the 

magnetic surfaces before generating the plasma (Figure 1.6): 

• 32 coils that create the toroidal field 

• 10 coils that generate the poloidal field integrated in two internal coils (a ≤ 0.22 m), each with 

one radial coil and one ohmic heating (OH) coil, and in two external coils (b = 1.5 m), each with 

one radial coil, one OH coil and one vertical coil 

• 3 central coils responsible for the three-dimensional rotation of the central axis of the 

configuration: one circular and two helical. The TJ-II has a periodicity four defined by the helical 

coils which revolve four times around the circular coil. 
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Figure 1.6:  TJ-II diagram: a) poloidal coils, b) internal coils, c) external coils, d) plasma (purple), e) central coil 

and f) vacuum chamber. 

The magnetic fields created by these coils are responsible for generating bean shaped magnetic 

surfaces that guide the plasma particles preventing them to collide with the vacuum vessel wall. The 

flexibility of the magnetic configurations (different size, shape and physical properties) can be 

controlled by changing the currents that go through the different coils. For this reason, the 

configurations are identified by three numbers, representing the currents that pass through the: 

vertical, helical and central coils (Figure 1.7). 

 
Figure 1.7:  Poloidal cut of a magnetic configuration with its bean shape, where it can be seen the magnetic field 

lines (green) and the magnetic surfaces (black) 

The rotational transform, designated by iota (ι), is the inverse of the safety factor, q , commonly 

used in tokamaks. As the safety factor, the rotational transform plays an important role in magnetic 

confinement geometries [2]. It denotes the n poloidal rotations for m toroidal rotations, being n and m 

integers (ι = n/m). Its magnitude is related to the currents of the circular and helical coils and in TJ-II 

has a range between 0.5 and 2.2. With the rotational transform it is possible to establish the existence 

 8



of rational magnetic surfaces, and subsequently magnetic islands. The last ones can improve the 

plasma, by creating internal confinement barriers, or worsen it, by connecting points on the plasma 

center to points of the border [3]. This would lead to a decrease in the temperature, “breaking” the 

adequate conditions for the plasma. 

The vacuum chamber was made of non-magnetic steel (304LN) with 10 mm thickness. The 

material was chosen in order to obtain a minimum effect upon the magnetic surfaces. At the same 

time that it revolves around the central coils it should adapt to the toroidal coils, for that reason the 

octants were constructed and assembled in situ, directly around the central coil which was already in 

its final position. There are sited in specific regions of the chamber graphite plates as additional 

protection against high power fluxes. In addition there are two limiters positioned in two equivalent 

sectors, from the point of view of the magnetic configuration, also constituted of graphite. The vacuum 

chamber possesses 96 observation ports. The vacuum pumping is made through four lower ports, 

symmetrically located. The residual pressure achieved is below 1x10-7 mbar.  

In order to extract the majority of gases absorbed by the wall, the internal vessel wall is heated up 

to 150ºC and the glow discharge technique is applied. In order to control the quantity of water present 

in the vacuum vessel, the wall is periodically covered with boron and lithium. The TJ-II plasmas are 

heated by two procedures (Figure 1.8) [4]: 

Ι − Electron Cyclotron Resonance Heating (ECRH), consisting on the injection of microwave beams 

with a total power of 600 kW and at frequency of 53.2 GHz. 

ΙΙ − Neutral Beam Injection (NBI) heating, consisting on the injection of beams of neutral atoms with a 

total power of 2 MW (there are two NBI in TJ-II). 

The TJ-II plasma discharges last approximately 0.35 s. The ECRH plasmas reach electron central 

temperatures of about 1.5 keV which are higher than the ones obtained for NBI plasmas. The two 

methods also present differences in the achievable plasma densities, being the ones obtained with 

NBI higher. At  the microwaves cease their propagation through the plasma, the 

heating by ECRH stops and the NBI proceeds to act. There are more differences between the plasma 

characteristics achieved with the two types of heating, in particular concerning the temperature and 

density profiles, which will be analysed in the next chapter. 

319107.1 −×≈ mne

 

 
Figure 1.8:  Scheme showing both heating systems. 
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Monitoring the plasma is not a simple task due to its high temperature. Material probes can only 

be applied at the plasma border where the temperature is slightly lower. In its core, other techniques 

must be used. Figure 1.9 shows how the diagnostic methods, in operation at TJ-II, are distributed 

around the device 

 
Figure 1.9: Diagram with the different TJ-II diagnostics “in-situ”. 

The measurements obtained by these diagnostics allow to monitor the plasma behaviour, with 

temporal and spatial resolution. The passive diagnostics, especially those based on radiation 

detection (spectroscopy, bolometry and X-rays) yield valuable information related to the impurities 

present in the plasma and their dynamics. As well, and under certain circumstances, radiation 

diagnostics may serve to determine the plasma electron temperature and density.  As we will see in 

the development of this work, these impurities may be due to different processes and be of different 

nature. Table 1.1 presents the several TJ-II diagnostics as well the parameters measured by them. 
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Diagnostics Measurements 

2 mm Interferometer Line-averaged electron density 

2 mm Scattering Density fluctuations 

Blow Off Impurity transport-diffusion coefficient 

2π Bolometer Energy losses by radiation 

Bolometer Arrays Total radiation profiles 

CO2 Interferometer Line-averaged electron density 

Charge Exchange Analyser Ion temperature profile, plasma rotation 

Diamagnetic Loop Plasma energy content 

Heterodyne Radiometer (ECE) Time evolution of the electron temperature profile 

ECH Absorption Monitor Absorbed power 

Hall Probe Magnetic field distribution without plasma 

Hα Monitor Wall recycling and fuelling 

Helium Beam Edge electron temperature and density profiles 

Heavy Ion Beam Probe Radial profiles of electron density and plasma potential 

Langmuir Probes Edge profiles of electron density and temperature and 
plasma potential 

Lithium Beam Edge profiles of electron density 

Mirnov Coils Magnetic fluctuations 

Reflectometer Edge profiles of electron density and fluctuations 

Rogowski Coils Plasma current 
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Soft X-Rays Arrays Soft X-ray emissivity profiles 

Thomson Scattering Radial profiles of the electron temperature and density 

TV Camera Plasma emission in the visible range 

Visible and Vacuum Ultraviolet 
Spectroscopy Ion temperature and rotation 

Vertical Flux Loops Plasma energy 

X-Ray Pulse Height Analysis Electron energy distribution function 

Table 1.1: List of TJ-II diagnostics 

 

 

 

1.3  Objectives of this work 
This Master programme was initiated with the purpose of studying (and applying) the X-ray theory 

and its detection techniques. To achieve this goal, the experimental work was carried in TJ-II 

stellarator where it was established the guiding line for its development.  

Since TJ-II does not have an adequate electron temperature diagnosis for high-density plasmas, 

the aim of this work was to perform the necessary experimental tests to ascertain the most appropriate 

configuration for a diagnostic based on soft X-ray detection methods and, presenting good spatial and 

temporal resolution. In particular, the technique tested during the realization of this work was the two-

filters method, which lead to the conclusion that it is a suitable option for electron temperature 

diagnostic for high temperature plasmas in TJ-II. 

This thesis was planned in order to provide all the necessary tools for a clear and logical 

comprehension of the work carried in TJ-II. Therefore, it begins with an introductory chapter where the 

importance, theory background and technical details of fusion energy are exposed. There is also a 

section providing specific information about the TJ-II stellarator since it was there that all the work was 

developed.  

Chapter 2 includes some theoretical and technical concepts that are relevant to a fully 

understanding of the experimental results. Fusion can only occur if there is plasma. Thus, it is 

necessary to explain what defines a plasma and how does it behaves. The heating methods, being 

fundamental for achieving the plasma state, are introduced in the following sections of the same 

chapter. Besides, since the ECRH and NBI plasmas show differences in the temperature and density 

profiles that are crucial for defining some of the diagnostic components, it is required some level of 

knowledge about their operating system. 

 12



The third chapter is dedicated exclusively to the theory on which this work was based, X-rays. There 

are exposed some general information’s about the types of X-rays existing in plasmas, the problems 

they may cause and the physical processes that explain this kind of radiation 

Chapters 4 and 5 present two X-ray diagnostics, one for X-ray tomography and the other to determine 

the spectrum in this energy range, X-ray spectroscopy. Although these techniques were not used 

directly, it was from them that the data applied in the two-filters method was obtained. For that reason, 

it was mandatory explaining both diagnostics and respective components. 

Finally, chapter 6 presents the experimental results obtained, as well a description of the two-filters 

method and the way the data was acquired and analysed. 
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CHAPTER 2 
 

THEORETICAL AND TECHNICAL CONSIDERATIONS 
 
 
 

2.1 Fusion Plasmas 

2.1.1 Introduction 
Since for fusion to happen it is essential to achieve the so called plasma state and the 

experimental work depends on its existence, it is convenient to introduce plasma basic properties and 

characteristics. The word plasma has its origin from the Greek word πλασµα , which means 

“moldable substance”. It was first used, in 1927, by the Nobel Prize winning American chemist Irwing 

Langmuir to describe an ionized gas. According to him, the way an electrified fluid carries electrons 

and ions “resembles” the way blood plasma carries red and white corpuscles. 

It is been estimated that approximately 99% percent of the matter in the Universe is in the plasma 

state, and so has it been since the beginning of times. It can be found in every astronomical body, 

even in interstellar bodies. The solar system has it in the form of solar wind and the earth is 

surrounded by plasma trapped within its magnetic field. It would not be a false affirmation if plasma 

was called the first state of matter due to its “longevity”, but instead it is often referred to as the fourth 

state of matter because of its natural occurrence at high temperatures, following the other three known 

states (solid – liquid – gas – plasma). In our daily live it is possible to find plasmas in gas discharges 

such as lightning or neon lights. 

Although any gas presents always some degree of ionization, not all are plasmas. An accurate 

form to define a plasma could be: “A plasma is a quasineutral gas of charged and neutral particles 

which exhibit collective behaviour” [6]. 

 

 

2.1.2  Basic Properties 
This collective behaviour of the plasma in sensu lato can be referred as a process that does not 

reflect any existing structure. In plasmas it can be explained by the particle motion dependence not 

only on local conditions but also on remote regions of the plasma. The displacement of the charged 

particles implies the generation of an electrical current on which a magnetic field is associated. On the 
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other hand, this displacement also generates regions of higher, or lower, charge density that will 

eventually create local electric fields. These fields will in turn affect the motion of other charged 

particles in a different region of the system, and the fields linked to the second group of particles will 

affect the motion of the first ones, and so on [5]. Since the plasma particles generate, or at least, 

influence the electric and magnetic fields, a complete description of the plasma would consist on 

specifying the fields and the position and velocity of all the particles contained on a given volume. Of 

course such kind of description is inaccessible, becoming somewhat an utopia and we must resort to 

statistical mechanics and hydrodynamics to provide a useful description. 

The other main characteristic of a plasma is its quasi-neutrality, which means that the ion and 

electron densities are almost equal throughout the plasma: nnn ei ≡≅ . 

These two properties can be defined by three fundamental conditions that enable the 

characterization of the plasma ability for shielding external electric and magnetic fields and, to 

distinguish a plasma from a neutral gas [5]. These conditions are: 

- λD << L 

- ND >> 1 

- ωτ > 1 

being λD the Debye length, L the plasma dimension, ND the number of particles in a Debye sphere 

(also known as plasma parameter), ω the plasma frequency and (1/τ) the mean time between 

collisions with neutral atoms.  

The Debye length decreases with increasing density ( ). Since the electrons are 

more mobile than ions, they do the shielding by moving so as to create a surplus or deficit of negative 

charge, thus it is their temperature that is used in the expression. The first inequality states that the 

typical plasma dimensions (L) must be much bigger than the Debye length (λ

2/32
0 )/( neTeD ελ =

D) so that the plasma 

can shield the external applied fields. The Debye length is then defined as a measure of the shielding 

distance. But for this to be valid it is necessary that the density of particles on a Debye sphere (ND 

3)3/4( Dnλπ= ), which has a λD radius, be sufficiently for the Debye shielding be efficient. There is a 

third condition for defining plasmas and it is represented by ωτ > 1, where . For a 

gas to be considered in a plasma state it is necessary that its collision frequency be lower than the 

oscillation frequency of the charges. That way the particle motion will be mostly ruled by 

electromagnetic forces instead by hydrodynamic forces, constituting this the main difference between 

a plasma and a neutral gas [6]. 

2/1
0

2 )/( ee men εω =

 

 

2.1.3  Plasma Physics 
The majority of the phenomena occurring in plasmas can be explained by Fluid Theory, whose 

validity will only endure if we consider that their occurrence is sufficiently localized. This is achieved 

when the mean free path of the particles is small compared to the macroscopic lengths under 
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consideration, i.e., the density of the system would have to be suitably high so its behaviour would be 

conditioned by collisions, guaranteeing a Maxwellian velocity distribution of the components [7]. The 

equation of motion according to this theory is given by: 

( ) RBvEPvvv
+×++⋅−∇=⎟

⎠
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⎜
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∂ nZe

t
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where m and n represent the mass and density of the particle, v is the velocity vector, P is the 

pressure tensor, )( BvE ×+Ze represents the external electromagnetic forces applied onto the 

particle and R is the collisional term. But for high temperatures the mean free path is longer and the 

fluid equations fail to describe the system. In that case it is necessary a more elaborated theory 

named Kinetic Theory.  

This theory describes the macroscopic behaviour of a system through the microscopic parameters 

of its components, such as particle motions. The relation between these macroscopic and microscopic 

states is given by the distribution function in terms of the position  and the canonical 

momentum , which can be written in Hamiltonian form: 
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The rate of change of the distribution function, ),( pq=f , along a trajectory can then be written as: 
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If we now consider a particle species , the equation of motion becomesj ( )BvEp ×+= jj e& . 

Substituting this equation, and including the collision term ( )ctf ∂∂ / , in equation (2.3) it is obtained the 

collisional kinetic equation for a plasma: 
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This equation is known as the Fokker-Planck equation, on which the collision term is derived on the 

basis of multiple small angle collisions. 

The kinetic equations are used for many purposes, and although normally they are used for 

treating complex phenomena, it is possible to derive fluid equations and treat simpler ones. Due to the 

high formal complexity of kinetic equations it is normal to use as much as possible the fluid description 

that, though less rigorous, allows a faster and simpler access to the plasma behaviour. 
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2.2  Heating Systems 

2.2.1  Introduction 
Despite the differences existing between a plasma and an ordinary gas, and there are many, the 

first will adopt a similar behaviour if it is not contained. As in other gaseous media, plasmas tend to 

spread out and cool down, but in this case is due to electrostatic repulsion and collisions. Besides 

finding a way to maintain it constant in volume, it is necessary to use a source of additional heating to 

balance the energy losses caused by radiation emission. This is, of course, not as simply as it may 

seem, studies have to be made in order to calculate the amount of heating necessary, depending on 

the dimension and type of the plasma. 

In the first chapter it was said that in ignition, the alpha particles power would be sufficient to heat 

and maintain the ignescent plasma, the problem is how to reach that specific temperature. In order to 

better visualize this situation, it is helpful to write down the power balance equation: 

VvnnTPPP
E

LH ⎟⎟
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⎞
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⎝

⎛
><−=−= αα εσ

τ
2

4
13

    (2.5) 

where  represents the power per unit volume for: H – heating, α – alpha particle and L – loss. The 

rest of the parameters are the plasma density ( n ), temperature ( ), energy confinement time (

P
T Eτ ), 

the reaction rate ( >< vσ ), the energy of the α-particles ( αε ) and the volume (V). It is easily seen that 

the additional heating power has a strong dependence on the volume, α-particle heating and energy 

loss. 

In tokamaks, the initial heating is provided by the ohmic heating (OH) due to the toroidal plasma 

current. This technique is based on the induction of a current into to the plasma with the help of a 

transformer. Although powerful at low temperatures, as this parameter increases the plasma resistivity 

will experience a decrease leading to negligible values of OH and, consequently, to the necessity of 

additional heating methods. On the other hand, stellarators do not use this initial heating method since 

they do not need to input an ohmic current for confinement or heating. This leads to an important 

characteristic that differentiates the two configurations: since there is not a net toroidal plasma current 

in stellarators, disruptions are non-existing in this magnetic configuration. 

Nonetheless, ohmic induction can be used in stellarators to perform some studies. For example, in 

2001 experimental campaign in TJ-II it was used to study the behaviour of plasma confinement after 

inducing negative or positive plasma currents: kAI P 35 <<−  [8]. The main conclusion was that 

leads to degradation (  to improvement) of confinement. As well, it was found that two 

global magnitudes can change sign under that current induction: the toroidal electric field and the 

magnetic shear. With this idea in mind, it is possible to apply OH to induce small configuration 

variations in TJ-II. 

0>PI 0<PI

For additional heating there were envisioned mainly two methods: injection of energetic neutral 

beams and the resonant absorption of radio frequency (RF) electromagnetic waves. Both methods 
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have been successfully tested at high power levels and are presently used in most of the fusion 

devices, such as TJ-II. 

 
 

2.2.2 Electron Cyclotron Resonance Heating (ECRH) 

2.2.2.1  Introduction 
All the methods of RF heating are based on the transfer of energy from an external source to the 

plasma through electromagnetic waves. Once in the plasma, these waves will accelerate some of the 

charged particles that, in turn, will heat the rest by collisional processes. Despite these collisions, the 

heating of the plasma does not occur by collisional absorption but by resonant absorption. The 

multiple species present in magnetized plasmas “offer” a number of available resonant frequencies 

which will enable the absorption of the incident wave energy. 

Electron cyclotron resonance heating is probably the simplest one of all the RF heating methods, 

and it only became possible with the creation of a gyrotron millimetre wave source. The gyrotrons, 

appearing only in the final of the XX century, are devices that emit electromagnetic waves at very high 

intensity and frequency (they can reach frequencies around hundreds of GHz and output powers in 

orders of hundreds of kW). These devices can be sited far from the vacuum vessel, being the 

microwaves guided, concentrated and focused through mirrors (quasioptical transmission), to the 

selected plasma resonant region. 

Since the frequencies used in ECRH are adjusted to the cyclotron frequency of the electrons 

(around tenths of GHz), only these particles will response to the incident waves, being the only ones 

directly heated. The ions will experience an indirect heating by collisions with the electrons. 

ECRH is currently used as the principal heating system in all stellarators and its presence, as 

secondary one, is growing in tokamaks. For example, the ITER project has included in its design this 

heating method.  

The ECRH plasmas in TJ-II are created and heated using two gyrotrons delivering a power of  300 

kW each at a frequency of 53.2 GHz, which is twice the electron cyclotron frequency at the plasma 

axis, i.e., for a magnetic field of around 0.95 T. Generally, the microwave beams are polarized in the 

extraordinary mode (X-mode), corresponding to a wave with electric field elliptically polarized injected 

perpendicularly to the magnetic field of the machine. Between the two options available for 

polarization, X- and O-mode (ordinary mode), the first one was selected due to its higher absorption 

efficiency for  and  values in TJ-II. Another particularity is the choice of using the second 

harmonic instead of the first one and, once again, the reason is the better outcome, in this case a 

higher plasma density. In TJ-II the microwaves are guided into the plasma after a series of reflections 

by a set of 10 mirrors, where less than 10% of the source power is lost [8]. The last mirror is located 

inside the vacuum vessel, allowing the variation of the incidence angle of the heating wave. In these 

plasmas, the line-averaged density can reach n

eT en

e ≤ 1.7x1019 m-3 and the central electron temperatures 

up to 1.5 keV.  
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Figure 2.1: Typical electron density and temperature profile of ECRH plasmas at TJ-II 

 

2.2.2.2  Propagation and absorption of microwaves 
Making an intensive study of electromagnetic wave propagation is beyond the subject of this work. 

Instead, and still intending to illustrate the essence of propagation, it will be considered the case of 

microwave injection perpendicular to the magnetic field, as used in TJ-II. 

In general, the cold plasma model [9] is a good approximation for studying the propagation of 

electromagnetic waves and its dispersion relation can be used to identify the three principal RF 

heating methods: 
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where x and y represent the radial and poloidal coordinates, ω/|||| ckn =  and ω/⊥⊥ = ckn  are the 

components of the refractive index parallel and perpendicular to the magnetic field; ω  is the wave 

frequency;  is the wave number parallel to the magnetic field and  the radial wave number. The 

dielectric tensor is represented by 
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where the sum is over species [10]. Considering the electron particles, since they are the ones 

reactive to this heating, the cyclotron and plasma frequencies can be written, respectively, as 

 and . 

j =

ece meB /=Ω 2/1
0

2 )/( eepe men εω =

The dispersion relation can be solved for 2n⊥ , from which the modes (ordinary and extraordinary) 

can be retrieved and discussed separately. Although both modes are capable of propagating 

throughout the plasma, in the cold plasma approximation the O-mode will not have resonance, while 

the X-mode will resonate at 

⎟
⎠
⎞⎜

⎝
⎛ Ω+== 22

cepeUH ωωω     (2.9) 

known as the upper hybrid frequency. But when the effects of hot plasma are included, both modes 

will present resonances at Ω≈ mω , being m the harmonic number. In this case, the propagation 

condition for O-mode will be  and, for X-mode , where the + and – 

represent, respectively, higher and lower densities. 

22
cepe mΩ=ω 22 )1( cepe mm Ω±=ω

The microwave beams propagation in TJ-II is limited to densities below . This point 

is localized on a cut-off surface, where 

319107.1 −× m

∞→⊥n  or , which reflects the incident wave. After the 

cut-off the wave decays exponentially, which does not mean the wave is damped but simply the 

plasma is unable to support the wave propagation after this point. The region of non-propagation is 

called evanescent and, depending on its dimensions the wave will suffer a total reflection or just a 

partial energy lost. 

0→⊥n

Generally, microwave absorption is proportional to the electron temperature and density of the 

different harmonics, modes and injection angles. It also presents a strong dependence on the plasma 

parameters. Choosing the form of the injection represents the conjunction of these factors. Usually the 

temperature dependence limits the harmonics existence to the first and second order in ECRH, only 

for higher temperatures, as the ones experienced in larger fusion devices, will appear higher harmonic 

orders. In TJ-II the microwave absorption is extremely localized at the plasma core, which leads to 

electron temperature profiles highly narrow and peaked, i.e., high central value with an accentuated 

decrement as it approaches the plasma edge. Other consequence is the hollow density profiles 

(density maximum not localized at the magnetic axis). Both of these features can be clearly seen in 

Figure 2.1. 

 

2.2.2.3  Magnetic field ripple of TJ-II 
In a toroidal fusion device, the magnetic field geometry plays a fundamental role in the charged 

particle trapping effect. The particle motion along the helical magnetic field lines is determined by the 

conservation of two magnitudes: its total energy  and magnetic momentum )(W )/( BW⊥=µ  [11]. 

If the microwave beams injection is perpendicular to the magnetic field 0cos|| ≈= θnn , all the 

energy absorption will occur in the perpendicular direction. But even in this situation, part of the beam 
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may not be absorbed, being reflected by the vacuum vessel walls in other direction than the 

perpendicular one. This small fraction can be absorbed by electrons in the parallel direction, which 

leads to . As the electron perpendicular energy rises, a growth on the parallel one is also 

observed. This parallel absorption may avoid the highly energetic electrons to become trapped in the 

magnetic ripple, leading to an increasing energetic gain while remaining well confined. 

0|| ≠n

When the electrons reach a region with a magnetic field value such ⊥= WW , a turning point is 

created on which the electron is bounced back. The particles may be trapped in a region which has 

the shape of a cone in the velocity space as illustrated in Figure 2.2, and their orbits will present a 

banana shape. 

In stellarators this situation can be more complex due to the inexistence of toroidal symmetry [12]. 

This implies that the electrons can be trapped poloidally and in different toroidal sections, leading to 

the formation of concatenated magnetic mirrors. The banana orbits in stellarators [13] are not closed 

paths as in tokamaks, this is due to an unbalance between the curvature and magnetic field gradient 

drifts. As a consequence the trapped charged particles will have a higher possibility of getting lost, 

which can be seen in Figure 2.2 as a reduction in the electron density, inside the loss cone. 

 
Figure 2.2: Lines showing the electron distribution function in the velocity space. The dashed lines represent the 

loss cone limits. 

TJ-II presents an extremely high value of magnetic field ripple, being of few percent in the 

magnetic axis and up to 50% on the plasma edge. As a consequence, the transport will be ruled by 

the behaviour of the trapped particles [14]. When applying high and localized ECRH power densities 

to a plasma, it will be seen strong deformations of the electron distribution function, which favours the 

direct ripple trapped particle losses [15]. That is why the electron density profiles are hollow and the 

electron temperature profile narrow and peaked at the plasma center, especially in low density 

plasmas. 
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2.2.3  Neutral Beam Injection (NBI) 
The inexistence of charge gives the neutral atoms, injected into the plasma, the possibility to travel 

through it in straight lines. Their ionization occurs through collisions with plasma particles, and the 

resulting electrons and ions will be confined in the magnetic field. The ions will be responsible for 

carrying the energy and their orbits in the magnetic field are determined by their energies, injection 

angles and deposition point.  

It is desirable that the deposition occurs in the plasma center, avoiding the strong absorption that 

leads to the heating of the plasma edge. There are three basic atomic processes leading to the beam 

absorption: 

       Charge exchange  pbpb HHHH +→+ ++

       Ionization by ions   (2.10) eHHHH pbpb ++→+ +++

       Ionization by electrons  eHeH bb 2+→+ +

where H represents the species and the subscripts b and p are used for beam and plasma, 

respectively. 

The absorption of the beam depends on the cross-section of these processes. Assuming the 

beam intensity to be: 

bb vxNxI )()( =    (2.11) 

where  is the number of beam particles per unit length and  their velocity, its absorption will be 

ruled by: 
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being  the electronic (ionic) density, n cxσ and iσ  the cross-sections for charge exchange and 

ionization by ions, and 〉〈 eevσ  is the electron ionization rate coefficient with  as the electron 

velocity. Figure 2.3 presents the cross-sections for the different processes as function of the neutral 

beam energy. The comparison is also performed with a deuterium beam. 

ev
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Figure 2.3: Cross-sections for charge exchange and ionization by ions and the effective cross-section for 

ionization by electrons as a function of the neutral beam energy. 

Ionization by electrons happens through collisions with electrons. The process can be dissociative, 

leading to charged and neutral fragments, or non-dissociative, leading to the parent ion. Since the 

electron moves more rapidly than ions, the motion of the atom is not considered as influencing this 

type of collision. For that, generally, the ionization rate is approximate as being independent of atom 

velocity. That is way the effective cross-section for an atom moving through a distribution of electrons 

is used (third term in equation 2.12). 

Ionization by ions requires the expulsion of an atomic electron by the colliding ion. This collision 

will be very similar to the electron-impact ionization, except that the ion will have higher energy 

( ) has it can be seen in Figure 2.3. The fall of the ion cross-section is smoother than the one 

for electrons. 

ei mm />

Charge-exchange ionization concerns collisions in which an electron is transferred from an atom 

to an ion. In this specific case, two identical nuclei are being considered so they will mostly retain the 

energy they had before the collision. The nucleus of the incident atom will be now trapped in the 

magnetic field, while the ‘new’ atom departs randomly carrying its ‘memory’ of life as an ion. 

As described for the microwave beam injection, if the neutral beam is injected perpendicular to the 

magnetic field, the resulting ions will be subjected to losses arising from the magnetic field ripple. This 

can be overcome by changing the injection angle to a tangential direction. However, there are 

restrictions in doing so, especially due to the difficult access through the magnetic coils and 

configurations. 

This heating method has disadvantages (the extremely large dimension of the system makes its 

localization and application not as simple) and advantages (it can be developed and tested separately 

from the fusion machine, and the heating profile can be predicted independently of the magnetic 

configuration). 
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The TJ-II neutral beam injection system is formed by two tangential injectors with a power up to 

1MW each. With the aim of optimizing the power coupling and density control of NBI plasmas, studies 

and strategies were studied for wall conditioning, ECR heating and combinations of gas puffing [16]. 

Beam simulation studies showed that only 60% of the neutralized beam reaches the plasma target. 

The low power transmission is due to the “diaphragm effect” of several structures of the vacuum 

vessel (Figure 2.4). 

 
Figure 2.4: Vacuum chamber of TJ-II: photograph (left) and infrared image (right), both taken along the beam 

direction. 

The generation and transport of a neutral beam can be divided into three steps [17]: 

• Generation of a powerful ion beam; 

• Neutralization of the ion beam; 

• Transport of the neutral beam to the plasma vessel. 

The generation of the ion beam is accomplished by the electrostatic extraction of hydrogen atoms 

from a uniform plasma source and their acceleration to energies up to several tens of keV. In order to 

achieve the required power (several MW) a higher beam current (tens of amperes) is needed and 

consequently the beam cross-section will have huge dimensions (hundreds of cm2). Due to this size, 

the beam has to be divided into many beamlets using electrodes with many apertures. TJ-II source 

ions are accelerated by a multi-aperture system of slots or circular holes, carefully designed to 

minimize aberrations (Figure 2.5). Due to heating caused by the incident ions, the source structure 

requires a cooling system between the apertures. 

Neutralization of the ions occurs in charge exchange collisions of the fast ions with cold hydrogen 

atoms present in the neutralizer. Although the beam divergence in not very high (1.3º), the path along 

the beam line requires some steering. In TJ-II this can be monitored by thermocouples symmetrically 

placed at the neutralizer exit. These thermocouples are inserted into copper ‘fingers’, which will be 

placed in pieces made of macor (glass-ceramic) that offers a good insulation efficiency. Due to its 

excellent thermal characteristics this material is commonly used in high temperature and high vacuum 

environments. The neutralizer thermocouples proved to be a very sensitive way for detecting beam 

inhomogeneities or misalignement. 

The transport of the neutral beam into the plasma vessel faces the problems of removal the 

residual fast ions in the beam which, depending on energy and hence on the neutralization efficiency, 
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may represent a significant fraction of the total beam power. For the removal of this ions it is applied a 

magnetic filter system, the ion dump. The remaining high energy neutral particles are then injected 

into the fusion device. Since the neutral particles are unaffected by the confinement fields, they can 

penetrate deep inside the plasma core. Placing a calorimeter into the beam path allows the 

measurement of the beam power and the conditioning of ion sources independently of the fusion 

experiment. 

 

 
Figure 2.5: Scheme of one TJ-II injector with the different components, beam apertures along the beam line and 

duct. 

In comparison with ECRH plasmas electron densities reached, when NBI heating is applied, are 

much higher and electron temperature notably lower. This is due to the non-localized nature of the NBI 

heating. Figure 2.6 shows both profiles for the two different heating methods. 

 
Figure 2.6: Electron density and temperature profiles for ECRH (left) and NBI (right) plasmas. 
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CHAPTER 3 
 

X-RAYS IN PLASMAS 
 
 
 

3.1  Introduction 
For a research field to become well grounded and with perspectives of continuous development, it 

is necessary the existence of a symbiosis between theory and experiment. The challenges and 

demanding that each impose to the other gives rise to a more effective progress and, at the same 

time, requires a more insightful knowledge of plasma properties. To adequately characterize a plasma 

and to understand its complex behaviour as complete as possible, a large number of different plasma 

parameters must be determined simultaneously, such as: the electron and ion densities and 

temperatures, the composition and density of certain impurities, the total stored energy, the plasma 

pressure, the radiation loss, currents and electric fields in the plasma and so others. Table 1.1, in 

chapter 1, illustrates the amount of diagnostics present in a fusion device and the plasma parameters 

they measure. 

The main goals to achieve with diagnostics in fusion are: (i) determination of the plasma 

parameters, valuable to a better comprehension of plasma physics and constitution of the plasma 

itself and, (ii) information in real time about the shape and position of the plasma and, performance 

optimization of the fusion device. A natural distinction divides the diagnostics into active or passive 

methods but, they can also be divided by the physical processes and techniques involved. Most of the 

diagnostics based on electromagnetic radiation can be categorized into passive diagnostics, more 

specifically in wave diagnostics. These diagnostics are based on methods which detect and measure 

the emitted radiation from the plasma. 

Since fusion plasmas possess an extremely wide emission spectrum (Figure 3.1), covering from 

the high energy gamma rays to the microwaves, it can be expected that diagnostics based on 

electromagnetic radiation are tremendously useful that is, with the appropriate methods; plasma 

parameters related to the emissions can be accessed. Exception made of microwaves, which have a 

limit of propagation, plasmas are transparent to radiation. 
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Figure 3.1:  Electromagnetic spectrum where it can be seen the magnitude orders representing each type of 

radiation, besides their frequency and wavelength values. 

Usually the measured signals are the integral of all the emissions along the viewing chords of the 

detectors, which means that the detector will capture all the photons in its observation line. This is the 

drawback of plasma transparency, because it implies not knowing from which region of the plasma the 

photons are coming. It becomes clear now why different diagnostic methods are used to measure the 

same parameter, it allows the resolution of some uncertainties that may come. 

An understanding of how this radiation is produced is crucial for the implementation of ways of 

diagnosing it, as well as for the generation of auxiliary techniques that will help analysing it.  

 

 

 

3.2  X-Rays Emission Spectrum 
In hot magnetized plasmas there are several processes responsible for radiation emission over a 

wide energy range: particle acceleration due to the magnetic field, particle deceleration due to the 

interaction of each Coulomb field, atomic ionization, contact between plasma particles and the vessel 

walls, and so on. 

The X-ray emission can be explained by collisions between free electrons and the several atomic 

species present in the plasma. These collisions may be elastic (there is no loss of kinetic energy) or 

inelastic (part of the kinetic energy is transformed to some other form of energy), being the latter the 

responsible for X-ray emission. 

In an inelastic collision the atomic species may become excited, which means that some internal 

electrons were carried to higher energetic levels, or becoming full or partially ionized. The resulting 

holes will be filled by electrons from levels with higher energies. This transition process is responsible 

for the emission of the characteristic X-radiation. This type of collisions may also result in the free 

electron deceleration or stopping, originating the Bremsstrahlung radiation responsible for the 

continuum part of the spectrum. 
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However the electromagnetic radiation is only emitted if the electron remains with some energy 

after the collision. The majority of the electron energy is converted into heat during the collision or into 

radiation, and only a small portion of it (∼1%) is electromagnetic radiation. 

The two effects described are grouped together to form the X-ray spectrum (X-radiation intensity 

according to radiation energy). Figure 3.2 shows an example of an X-ray spectrum. 

 
Figure 3.2: X-ray spectrum. 

The X-ray region in the electromagnetic spectrum covers wavelengths from 0.1 to 100 Å, and 

generally it can be divided in two sections corresponding to the two types of X-rays: hard X-rays when 

λ < 1 Å and soft x-rays for λ = 1 – 10 Å.  Besides this traditional division, a more complete one is 

sometimes adopted by the researcher: ultra hard X-rays  < 0.1 Å, hard X-rays  0.1 to 1 Å,              

soft X-rays  1 to 10 Å and ultra soft X-rays  > 10 Å. 
The main difference between hard and soft X-rays is that the latter can not propagate in air since 

they are easily absorbed, thus their detection must be carried in vacuum. These types of X-rays are 

responsible for plasma energy losses, which means that their study and analysis can provide 

information about plasma electron temperature and density and their fluctuations, total radiation 

profiles, energy distribution functions and emission spectrum, etc. The hard X-rays on the other hand, 

due to their high energies can be a big problem for other detector systems, as well as to some 

components of the fusion device. Besides material concerns, they must be avoided because this kind 

of radiation gets out from the device and represents high risk to human health. 

 

 

 

3.3  Radiation Theory 
3.3.1  Introduction 

Many years have passed since the 8th of November of 1895, the day when Wilhelm Conrad 

Röntgen identified for the first time the radiation that would be known as X-rays. Today there is no 

doubt that this radiation is a form of electromagnetic waves and, as the visible light, presents a dual 

nature. The radiate waves consist of oscillating electric and magnetic fields, perpendicular between 
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them and with the wave direction. Figure 3.3 shows a representation of these transverse waves, 

where is possible to see the perpendicularity between the two fields and the propagation direction of 

the wave. 

 
Figure 3.3: Representation of a propagating wave along the x-axis, where it is possible to observe the 

perpendicularity between the fields and the direction of the wave. 

In his theory of electromagnetism, James C. Maxwell demonstrated that electricity, magnetism 

and light, were manifestations of the same phenomenon: the electromagnetic field. Through his 

equations, currently known as Maxwell’s equations, all the properties of electromagnetic waves can be 

described. For the purpose of this work Maxwell’s equations are written for the case of the vacuum: 
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where and  represent the electric and magnetic fields, respectively; E B 0ε  is the permittivity of free 

space; 0µ  is the permeability of free space (or the magnetic constant); ρ is the charge density and  

is the current density. These equations can be expressed in terms of scalar (

J

φ ) and vector ( ) 

potentials in order to give the radiation fields: 
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where in order to obtain these expressions it is necessary to integrate over the volume distribution at 

one instant. Formally, for a point charge of magnitude , position  and velocity  we have: q )(tr )(tv

( ))(tq rx −= δρ ,           ( ))(tq rxvJ −= δ     (3.3) 

Introducing a simplifying notation and performing the integral over the volume, we obtain the 

Lienard-Wiechert potentials 
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with Rc/1 vR ⋅−=κ  and rxR −≡ . By substituting these in equations (3.2) and differentiating, we 

obtain the radiation fields 
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where . Our interest relies on the second term in the electric field expression, which is the 

radiation term, representing the acceleration field contribution. As it can be conclude directly from the 

(3.5), this term falls off as 1/R and is proportional to the particle’s acceleration. 

R/ˆ RR ≡

The mentioned acceleration can occur as result of the particle experiencing either a magnetic or 

an electric field. The magnetic field applied in plasmas for their confinement induces a gyration 

movement in the electrons, giving rise to the so called cyclotron radiation. As for acceleration 

produced by electrical fields, it can be due to the interaction of electrons with an incident 

electromagnetic waves (scattering) or with plasma particles. 

When an energetic free electron encounters a Coulomb field of another charged particle, it emits 

bremsstrahlung radiation. If the target particle is positively charged, the event can take one of two 

forms. When the final state of the electron is also free we say that it is a free-free transition. If the 

electron is captured by the ion into a bound final state, the transition is said to be a free-bound 

transition, also called recombination transition. If recombinations are to the ground state, the photons 

released will have energy greater than the ionization potential of the ion and they will produce bands 

of continuous emission. If recombinations are to excited states, after the electron cascades down to 

the ground state, the emissions will be characteristic lines of that ion or atom. 

 
 

3.3.2  Bremsstrahlung 
Radiation from collisions between electrons and positive ions is called Bremsstrahlung (braking 

radiation) because the electrons rapidly decelerate in the vicinity of the other charged particle [18]. In 

this sense, it is possible to derive classically the bremsstrahlung radiation using the dipole 

approximation for nonrelativistic particles. Since the emission is affected by some quantum effects, 

they should be taken into account in corrections that are added as the Gaunt factor. The importance of 

these corrections becomes higher when photon energies are comparable to energies of the emitting 

particles. It is convenient to note that a classical treatment will only be acceptable for low frequencies, 

since for higher ones the classical results will reveal an ultraviolet catastrophe, and a quantum-

mechanical treatment must be used. 

We will only be considering electron-ion bremsstrahlung since for collisions between like charges, 

e.g. electron-electron, the dipole approximation predicts zero radiation, which means that the amount 

of emitted radiation will be very small. 

Let us consider an electron moving with velocity  through the Coulomb field of an ion of charge  

and impact parameter , as illustrated in Figure 3.4. The electron will suffer a small-angle deviation in 

v Ze

b
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its trajectory from a straight line that can be represented by a conic section. For free electrons this 

section takes the form of a hyperbola given by: 
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=

b
br      (3.6) 

where is the impact parameter for 90º scattering and 90b ε  is the eccentricity: 
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In order to understand better what exactly the impact parameters represent we can always define 

them mathematically, i.e., b represents the semi-minor axis and b90 the semi-major axis of the 

hyperbola. 

 

 
Figure 3.4: Trajectory of an electron-ion collision 

Sometimes is useful to specify a spectrum of radiation. For that purpose, it is necessary to 

introduce the Fourier transform pair of the acceleration [19]: 
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(where it is convenient to write the angular frequency πυω 2=  as the variable in the exponent), and 

use Parseval’s theorem that relates both of these equations: 
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With these expressions and the one for electric field, given by equation (3.5) we obtain the radiation 

emitted in the single electron-ion collision per unit frequency, which integrated over all solid angles 

gives the emission spectrum: 
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Clearly, this energy is just emitted during the period on which the particle is experiencing 

acceleration. So in order to determine υddW /  we must consider the period when the electron is 

closest to the ion, i.e., when the acceleration is greatest. Assuming the conservation of the angular 

momentum at this instant, , it is possible to determine the acceleration of the electron: 00rvvb =

2
00

2

0 4 mr
Zev

πε
=&    (3.11) 

and the time duration of this close approach is approximately given by: 

00 /2 vr≈τ    (3.12) 

It is necessary to evaluate the Fourier transform of v  when the oscillation of the  factor is 

synchronized with the variation in . Considering that this oscillation frequency is given by 

& tie ω

v& 0ω , it will 

be found that: 
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and substituting in equation (3.10) the emitted energy will be given by: 
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Let us now generalize this to the case of a realistic plasma in which we have ion and electrons 

densities given by  and . The flux of electrons incident on an ion is , and the element of area 

around the ion over which the particles encounter occurs is 

in en vne

bdbπ2~ .  So the power density spectrum 

per unit frequency is: 
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If , the electron will suffer a negligible deviation from its course and its trajectory after the 

collision will be approximately a straight-line. If 

90bb >>

90bb << , the electron trajectory shape will be 

approximately parabolic, returning almost in the same direction from which it came. In that sense, the 

shape of the spectrum of these two cases will be different although the same expression is used for 

their calculation. This can be understood by considering the time history of  for both cases, since the 

spectrum will involve the time integral of . 

v&

v&

When we integrate over the impact parameters for a given frequency ω , the integral will be 

dominated by one of these collisions. Straight-line collisions will correspond to low frequencies 

90/ bv<<ω  and parabolic collisions will correspond to high frequencies 90/ bv>>ω . 

It is possible to obtain an approximate value of the impact parameter integral if we consider that 

υddW / , given by equation (3.14) ranges from  to . We can thus write: minb maxb
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The upper limit, , is some value beyond which we expect no emission because of the width of the maxb

υddW /  spectrum, so ω/max vb ≈ . An appropriate value of the lower limit can be chosen to 

correspond to , so that the straight-line approximation is still valid. 90min bb ≈

To obtain an exact expression for the power spectrum, it is necessary resort to a full quantum 

treatment. In order to “cover” some of the corrections that this one will add, the classical formula is 

presented with a correction term named free-free Gaunt factor: 
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This expression represents now the bremsstrahlung radiation emitted per unit frequency for  

electrons interacting with  ions. 

en

in

For a plasma in thermal equilibrium at temperature T , the electron velocity distribution  is 

Maxwellian and isotropic. In that sense, the number of thermal particles with velocity  in the range of 
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Now averaging the radiation spectrum over this distribution for all electrons that satisfy 

πω 2/22 hmv ≥ , and using dvd πω 2= , we obtain as final result the spectral power emitted into π4  

steradians per unit frequency: 
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where C is a coefficient independent of the velocity: 
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From equation (3.20) some important notes can be withdrawn: 
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• The exponential term, )/exp( Thυ− , is the only one presenting a frequency dependence. And 

from this, we can easily observe that at frequencies Th >>υ  the spectrum declines 

exponentially, while it is approximately flat for Th <<υ ; 

• The emissivity is also proportional to 2/1−T . So, increasing temperatures generate lower energy 

spectra; 

• Being the units of emissivity Wm -3Hz-1, the total radiative power is given by the integration of 

over the source volume and frequency bandwidth of interest. ffjυ
 

 

3.3.3  Recombination Radiation 
The radiation intensity emitted can be significantly changed by the contribution of free-bound 

transitions, which depends on the amount of impurities present in the plasma. 

Let us begin by considering the semiclassical approach, with a collision at velocity v  and impact 

parameter  (defined in page 31), which describes a parabolic collision. For photon energies 90bb <<

22mvh <υ , the final state of the electron is free, so we assume the classical approximation will hold. 

On the contrary, if 22mvh >υ  the electron can be captured into a bound state, releasing energy that 

can be converted into radiation with a photon energy. The recombination processes can occur by 

cascade or directly down to the ground level, either way the final bound state of the electron assumes 

the form of a discrete spectrum of energies: 
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where  is the principal quantum number,  is the Planck’s constant divided by n h π2  and is the 

Rydberg constant (∼13.6 eV). The discrete lines of the radiation spectrum are located according to: 
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where the first term represents the kinetic energy of the electrons and the second term is the binding 

energy of the n state. The line distribution along the spectrum is within the frequency range 

( ) 32 /2 hnRZ yn =∆υ . 

The evaluation method applied to this transition is very similar to the one applied to 

bremsstrahlung. This implies that the integral over the impact parameters is performed in the same 

manner and the total power in the nth recombination line is given by: 

n
yi

nn
c

n G
hn

RZ
vcm

neZG
d
dPP 3

2

32

2

3
0

62 2

33
32

)4( ⎥
⎦

⎤
⎢
⎣

⎡
=∆⎟

⎠
⎞

⎜
⎝
⎛=

π
πε

υ
υ

 (3.24) 

 34



In a plasma at thermal equilibrium the recombination radiation is isotropic, and it can be calculated 

from an electron distribution , as a function of )(vf v  for level , without using integrals. From the 

energy conservation, given in equation (3.23), we find the velocity of the recombining electron: 
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Replacing into the Maxwellian distribution we obtain: 
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where C is given by the same expression presented in (3.21). With the exception of the term in square 

brackets, recombination radiation has the same spectral shape as bremsstrahlung radiation, given in 

equation (3.20). 

Analysing the relation between the terms that differ in the equations (3.20) and (3.26), is possible 

to determine the importance of the recombination radiation: 
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At low frequencies, , only the higher n states will contribute, . Due to the 

n

yRZh 2<<υ υhRZn y /22 >

-3 dependence, recombination rapidly becomes negligible in this limit. When , all n states 

contribute but two situations may arise, for  the recombination will dominate and for 

 it will be negligible for all frequencies. These two hypotheses clearly show the 

dependence on the temperature. 

yRZh 2≥υ

TRZ y ≥2

TRZ y <<2

There is a last consideration to be made when calculating radiation from electron colliding with 

other species: it concerns that fact whether they are complete or incompletely ionized. 

When considering high-Z ions with electrons still bound to the nucleus, the previous treatments 

can be applied for both transitions, free-free and free-bound, with the exception of the lowest electron 

shell. The only change will be that now Z will represent the ionic charge instead of the nuclear charge, 

i.e., we are assuming that the nucleus is perfectly shielded by the bound electrons. This assumption 

will only loose its validity when photon (and electron) energies become larger than the ionization 

potential. 

The recombination expression is generally modified when it is considered the case for the lowest 

unfilled shell. If this shell contains some electrons leading to the existence of only ξ  holes available 

instead of the usual n2, then the recombination radiation decreases by a factor of . Another 22/ nξ
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variation in this formula is the use of the ionization potential iχ  rather than the hydrogenic expression 

. So the total continuum radiation from collisions with this type of ions is: 22 / nRZ y
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where the first term represents the free-free contribution, the second the recombination to the lowest 

unfilled shell and the third the recombination to all other shells. When , the Gaunt 

factor is generally assumed to be , and it takes the value zero for the opposite case. 

22 / nRZh y≥υ

1=nG

 

When the plasma presents some amount of impurities, we should also consider the bound-bound 

(line emissions) radiation. Even for low Z species, if the electron temperature is lower than 1 keV, total 

line radiation can be more important than recombination radiation. But contrary to the other types of 

radiation this can not be expressed in a closed form. In TJ-II plasmas, after the boronisation and 

lithiumnization begun, the impurities presence was strongly diminished. Although it is still found some 

iron, nickel, chlorine and oxygen. 

The bound-bound radiation is responsible for adding the discrete part of X-ray spectra, and it is 

also known by the name of characteristic X-ray radiation. Its spectral lines only appear if the energy of 

the incident electrons is sufficiently high to excite atomic inner shell electrons into higher unoccupied 

levels. It appears as sharp lines superimposed on the continuous spectral background of the 

bremsstrahlung, often conditioning some electron temperature measurements deduced from the 

spectra.
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CHAPTER 4 

 

SOFT X-RAY TOMOGRAPHY 

 
 
 

4.1  Introduction 
The greatest bremsstrahlung power is emitted in the spectral region where the photon energy 

approximates the electron temperature, eTh ≈υ , which corresponds to the region of soft X-rays. 

When measuring their emission, there are two plasma parameters which play an extremely important 

role, the electron density and temperature (  and ). It has already been stated that the ECRH and 

NBI TJ-II plasmas possess completely different characteristics, fact that, when the soft X-ray 

tomography diagnostic was designed, was taken into account so that its response was congruent with 

the different plasma parameters. 

en eT

The ECRH plasmas exhibit central temperature and density values due their profiles, providing 

more local measurements since the signal rapidly decays. Specifically the peaked temperature profiles 

lead to an extremely low signal, due to the rapidly decreasing of the plasma emissivity. By the other 

hand, the NBI plasmas, not being localized, result on broader profiles which imply better and larger 

signals. In this case there is no need for compensate or amplify the received signal. 

The radiation emitted in the spectral range of soft X-ray enables observations of its evolution, with 

fast temporal resolution. This can be achieved in practice with the aid of high sensitivity state solid 

detectors, generally semiconductor photodiodes arranged under different configurations. One 

diagnostic often used as comparison term with the results obtained with the tomography diagnostic is 

the Thomson Scattering, where it can be seen a clear difference between the profiles of both plasmas, 

Figure 4.1 [20]. 
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Figure 4.1: Thomson scattering profiles obtained during the evolution of the plasma from ECRH to NBI heating in 

a series of reproducible discharges: a) temperature and b) density. 

TJ-II is known for the diversity of its magnetic configurations since they can have different 

dimensions, shape and physical properties. Additionally, the design of the central magnetic coils 

makes the magnetic surfaces to spirally turn around them, which means that they will not have the 

same center. Since the plasmas shape change with the toroidal angle, the width lines of sight should 

be chosen to fulfil the compromise between small toroidal coverage and acceptable signal to noise 

ratio. 

Soft x-ray tomography is an important experimental tool for diagnosing several phenomena, and at 

the same time allowing a better comprehension of them, such as MHD instabilities, sawtooth, plasma 

position, impurity radiation, etc. [21]. The main goal of this technique is to obtain relative variations of 

the complex plasma parameters combinations, in order to determine the emissivity as a function of 

time and space. This will allow seeing qualitatively, and sometimes quantitatively, the plasma shape 

evolution. 

 
 
 

4.2  Components and Characteristics 
TJ-II soft x-ray tomography system consists of 5 cameras sited in sector A2 (toroidal angle, 

14.5ºφ = ), at poloidal angles of 40º, 0º, -10º, -50º and -110º [11], (Figure 4.2). 
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Figure 4.2: Scheme of the soft x-ray tomography diagnostic.  

The two external cameras are identical, except camera 2 was mounted on a flange with an 

inclination angle allowing a centered vision of the plasma. Both of them possess a vacuum valve, 

reserving the possibility of setting them apart from TJ-II to perform maintenance. In addition, each of 

them has a Teflon insulator with a flange shape to electrically isolate the detectors from the vacuum 

vessel and two pumping ports. The cameras are equipped with a filter carrousel so the energy range 

of interest can be selected in each experiment (Figure 4.3). 

During the TJ-II conditioning phases, many microparticles can collide with the filters of the internal 

cameras damaging and remaining adhered to them. As a consequence, the filters transmission 

efficiency will be changed and homogeneity can be lost. To reduce this problem a protection system 

was included in their design. Since the internal cameras have different filter configurations, ad-hoc 

protection systems were projected. 
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Figure 4.3: Scheme of the external cameras, with a geometry close-up of the detectors, collimators and filters. 

For camera 1, having just one filter, a Teflon cup is displaced, coupling itself perfectly in the filter 

support, by a manipulator located separately from the camera (Figure 4.2). However, in the case of 

cameras 3 and 5, the manipulator drives a rod that moves inside the cameras displacing a small 

carrousel, containing a shutter and an additional filter that will override the one fixed on the camera. A 

small stainless steel foil is solded to the camera structure, protecting both filters simultaneously.  

 
Figure 4.4: Scheme of one of the internal cameras, with a geometry close-up of the detectors, collimators and 

filters. 
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In order to minimize the parasite noise generated by the fields of TJ-II and the currents produced 

by asymmetric charge fluxes upon the cameras, a double metallic shielding is necessary. These fluxes 

can generate currents that will completely overcome the signals that should be measured. With the 

double shielding, they will impact in the external one, which must be insulated from the interior and 

connected to the ground of the vacuum vessel. The internal shielding is connected to the diagnostic 

ground and will truly work as a Faraday cage.  Rapidly remembering it, a Faraday cage can be 

approximated as an ideal hollow conductor, where external electrical fields are applied producing 

charge forces on the charge carriers within, generating a current that rearranges the charges. These 

rearrangements will, eventually, cancel the applied field, stopping the current. 

All the used amplifiers were designed and constructed in the Ciemat electronic laboratory. Their 

design was intended to be as compact as possible, so they could be located the closest to the 

detectors without inducing noise. The magnetic pick-up noise is really intense in TJ-II, which makes its 

elimination a main concern in diagnostics. In a multichannel system, it is impossible to eliminate all the 

internal ground loops, thus being affected by this noise. 

Since the technical specifications of TJ-II make impossible to shield the magnetic fields with 

ferromagnetic materials, it was decided to eliminate the internal ground loops whenever possible. For 

this, additional ground loops are introduced with the right geometry, so they will generate equal 

induced currents with opposite sign. 

In all the components low magnetic permeability materials were used, such as 316NL steel and 

similar. 

 
 
 

4.3  Detectors, Filters and Collimators 
4.3.1  Detectors 

The soft X-ray tomography system employs 5 silicon photodiode arrays with 16 detectors each, 

one array per camera, manufactured by International Radiation Detector (IRD). The chosen 

photodiodes belong to the series AXUV (Figure 4.5). 

 
Figure 4.5: Scheme of the detectors AXUV-16 from IRD. From top to bottom: top view, lateral view and detailed 

view of the individual detector dimensions. 
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Each detector array is on a ceramic socket with 40 connection points that is, by the use of another 

socket (Teflon), fixed to the structure of the camera. Each individual detector has a sensitive area of 

10 mm2 and the separation amongst them is 0.12 mm. Although this small distance allows a reduced 

design of the camera, it has the inconvenient of producing an overlapping between the viewing chords 

of contiguous detectors. 

When exposed to photons of energy higher than 1.12 eV, electron-hole pairs are created in these 

diodes, separated by the electric field of the p-n junction, and a current proportional to the number of 

pairs created will be generated. According to the manufacturer, these diodes use a technique of 

fabrication of p-n junction were the dead-region is non-existing and the surface recombination is zero. 

These two aspects result in near theoretical quantum efficiencies for photons energy in the range from 

7 to 6000 eV, i.e., they present a nearly lineal response in almost all the energy range (Figure 4.61). 

 
Figure 4.6: Typical quantum efficiency of the AXUV photodiodes. 

The absence of a dead region minimizes the recombination of photogenerated carriers. Most of 

the photon absorption occurs at depths less than 1 µm in silicon, thus the inexistence of this layer will 

yield about 100% carrier collection. 

The second property of these diodes is their protective layer (silicon dioxide junction passivating), 

extremely thin (3 to 7 nm), against radiation. The quantum efficiency can be approximately predicted 

due to these properties. It is given by the expression , where is the photon energy in 

electron-volts. For example, in the case of TJ-II soft x-ray tomography, for energies between 0.8 and 3 

keV, it will be necessary an energy of 3.63 eV to generate an electron-hole pair. 

63.3/phE phE

Although the position of each camera was established in the beginning, it is necessary to explain 

how each detector is positioned, or by other words, from where it will ‘see’ the plasma. For that 

purpose it is used a coordinate space (p,φ), which defines each vision chord from its impact 

parameter, p, and angle between the chord and the horizontal, φ, (Figure 4.7). 

                                                 
1 http://www.ird-inc.com 
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Figure 4.7: Polar coordinates and the impact parameter from the vision chord of one of the detectors. 

Using this coordinate system it is possible to represent the location of each detector. Figure 4.8 

shows how the detectors cover uniformly almost the entire surface. The gap between 160º and 210º is 

caused by the inaccessibility from the outside of the region, called hard core in Figure 4.2. 

 
Figure 4.8: Location of each detector of each camera in the space (p,φ) 

 
 

4.3.2  Filters and Collimators 
It is known that without collimators, rays from all directions would strike the cameras generating an 

undefined image. But, although collimators improve resolution they also reduce the intensity of the 

signal, something that is not desirable. So an appropriate relation between these characteristics has to 

be achieved in order to obtain the best resolution possible without loosing information. 

TJ-II collimators are rectangular of 2 mm x 5 mm. The vertical aperture of 2 mm allows a chord 

resolution of 1.5 cm, sufficient to cover all plasma with the chosen detectors. 

The filters carrousels are not the same for all cameras. In fact, the location of the camera, inside 

or outside the vacuum vessel, is an important factor when choosing the thickness of the filters. Only 

the material is the same, Beryllium (Be). 

The internal cameras are equipped with a filter carrousel of two positions, 8 µm and 33 µm (except 

one of them, the first that was installed, which did not possess a carrousel). Since they are located 

inside the vacuum vessel, and there is the possibility of using two heating methods, the inclusion of at 

least two filters was something essential. The external cameras have a complete filter set covering the 
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range from 8 to 50 µm. Figure 4.9 shows how the different filters thickness would modify the recorded 

emission spectrum generated by a Maxwellian electron population with a characteristic energy of 1 

keV. 

 
Figure 4.9: In the left are represented transmission curves of the Be  filters located in the internal cameras and in 

the right the filter thickness effect upon the x-ray spectra detected by the external cameras. 

In order to realize a theoretical simulation the most accurate possible, it is convenient that the line 

contributions be very small. That implies the utilization of filters of, at least, 25 µm thickness. These 

filters practically eliminate all the radiation of low energy, letting passing through photons with energies 

higher than 1 keV. This way they eliminate the contribution of the Oxygen, Carbon and some of the 

Iron lines (L), the principal impurities of TJ-II. Figure 4.10 shows that a filter thickness decreasing 

implies, for one hand an increase in the intensity of the signal and, for the other, a larger contribution 

from the line transitions. Despite the fact it is not pointed out in Figure 4.10, sometimes some small 

amount of Chlorine can be added to the impurities present in TJ-II. It may be due to some cleaning 

process, but as time passes by it tends to diminish. At the present moment, for example, it has a 

quantity that can be neglected. 

 

 
Figure 4.10: Beryllium transmission coefficients with the position of the principal impurity lines in TJ-II 
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Other important fact is the material of the filters, the width of the signal will change accordingly to 

the material that constitutes them, as an example we could verify this in Figure 4.11, where a 

comparison is made between Aluminium, Beryllium and Silicon. 

 
Figure 4.11: Transmission coefficients per micron of Aluminium, Beryllium and Silicon. 

Although the filters used are only of Beryllium and, generally Silicon is only used for detectors, as 

it is the case, the present graph enables the visualization of what happens with the transition lines for 

increasing atomic numbers. The sharp fall seen in the transmission curves of Aluminium (Z = 13) and 

Silicon (Z = 14), corresponds to the absorption edge. A clear conclusion that, of course, verifies theory 

is that as the atomic number increases, the transition K lines “suffer” a displacement to higher 

energies (to the right in the present graph). As it can be seen, or better saying not seen, the 

absorption K line of Beryllium (Z = 4) does not appear in the graph, since its energy is below the ones 

considered. Since Silicon is usually used as detector, in fact the curve of interest should be the one of 

absorption, that is TATA −=⇔=+ 11 , where A represents the absorption and T is for 

transmission. That curve would give the yield of the detectors used. 

 
 
 

4.4  System Calibration 
The existence of many cameras and detectors presents as problem for adjusting properly, and 

accurately, the relative positions and directions of all the system components. The accuracy of this 

operation is less than 1 mm and after the data from the multiple detectors will be combined. Due to the 

different position of the cameras and the work of putting them in their location, generally the final 

calibration is performed when the components are in place. 

To determine the soft x-ray emission profiles, a relative calibration from the different cameras is 

used. An iterative method is employed, Equilibrium-Based Iterative Tomography Algorithm (EBITA) 

[22] until the perfect reconstruction of the emissivity map is achieved. With this purpose were chosen 

discharges belonging to configurations of large dimensions, without rational of low order in the vicinity 

of the plasma center and, with a high and stable electron density. These conditions have the purpose 
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to eliminate possible asymmetries generated by electrons trapped in the magnetic ripple, obstructing 

the calibration. 

For the absolute calibration of the cameras, different filters are used simultaneously. If the plasma 

emission is dominated by a known impurity, it is possible to establish its density from the variation of 

the line radiation with the filter used. Specifically, discharges with iron injections and electron density 

and temperature profiles, from Thomson Scattering, were used. Since the goal is to calibrate 

accordingly to the known impurity, it is convenient to realize this calibration right after the conditioning 

of the wall, so the number of other impurities is as low as possible. 
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CHAPTER 5 

 

SOFT X-RAY SPECTROSCOPY 
 
 
 

5.1  Introduction 
Pulse Height Analysis (PHA) is, certainly, one of the simplest techniques to analyse soft X-rays (1-

20keV) coming from a plasma. Indeed, this diagnostic is very easily implemented and it is also very 

easy to take physics results from the experimental raw data. This diagnostic is very important for the 

investigation of fundamental properties of magnetically confined plasmas, since they can give 

information about electron temperature, impurity and nonthermal electrons [23]. 

In PHA each photon arriving to the detector produces a number of electron-hole pairs proportional 

to the energy of the incident photon, i.e., it counts individually the energy of each photon. The current 

generated by the pairs created is converted into voltage by the pre-amplifier. Then, a spectroscopy 

amplifier will amplify the signal, giving it a more adequate shape to be scanned, processed and 

recorded in a database. It is common the use of a Multichannel Analyzer (MCA) to obtain the 

spectrum. This is obtained gathering all the counts possible, generally around 1000. The temporal 

resolution strongly depends on the electronics used to analyze the signals. In TJ-II, considering all the 

parameters chosen is about 10 ms. 

Unfortunately, simultaneous high spectral, spatial and temporal resolution is something difficult to 

obtain. Generally a choice is made by the researcher, depending on what he intends to observe. 

This system has the ability of distinguish lines from the same spectrum with relatively close 

energies. This is what is known by spectral resolution or energy resolution. This characteristic is very 

important when the technique is applied with the aim of identifying plasma impurities. This 

identification is made through the characteristic radiation, corresponding to the emission of K and L 

lines. 

On the other hand, if one is interested in knowing the plasma electron temperature, then the 

temporal resolution should be enhanced. With it, one can differentiate two almost simultaneous 

events. The system will detect them separately, counting each as an individual event, or it can count 

them in such short time intervals that the signal recorded may be the sum of both. In this case, the 

height of the signal recorded does not correspond to the true energy. This phenomenon is named 
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pileup. Other phenomenon verified is called system blocking, which means that the events occur at 

such high speed that the system will not have time to count them, i.e., the system becomes clogged. 

 

 

 

5.2  Components and Characteristics 
TJ-II PHA system is located upon a bench that, besides supporting all the components and 

allowing an alignment relatively to the vacuum vessel, can be vertically displaced (±10º from the 

horizontal) modifying the observation angle. This movement allows the system to perform 

measurements at different plasma radii, for the same configuration, or follow the movement of the 

plasma center when it changes configuration. Figure 5.1 allows a more detailed analysis of the 

components of this system. 

 
Figure 5.1: Scheme with all the components that constitute the Germanium (Ge) diagnostic. 

The scheme includes: three fixed collimators of lead and five interchangeable collimators (1–10 

mm of diameter); a set of five interchangeable filters of Beryllium and Aluminium, which allows the 

selection of the threshold detection energy from 1 to 10 keV; a Be filter-window of 25 µm, responsible 

for the separation between the TJ-II vacuum from the vacuum inside the diagnostic; a set of vacuum 
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valves which minimize the fatigue produced by the pressure variations inside the vacuum vessel; a 

ceramic insulator, responsible for electrically isolate the detector from the TJ-II ground and, a wag 

which allows the structure to spin vertically. 

The Ge detectors are semiconductor diodes with a p-i-n structure, where the intrinsic (i) region is 

sensitive to ionization radiation, particularly X- and γ-rays [24, 25]. Under a reversed bias, an electric 

field extends through the intrinsic or depleted region. The interaction between photons and the 

depleted volume of a detector generates electron-hole pairs (charge carriers), which are swept by the 

electric field into the electrodes p and n. This is the charge that later will be converted into a voltage 

pulse by a charge sensitive pre-amplifier. In TJ-II, this diagnostic uses a Ge crystal of ultra low energy 

(Ultra-LEGe), model GUL0035P (detection range between 0.2 - 200 keV). With an area of 30 mm2 and 

thickness of 5 mm, this crystal was built by the manufacturer CANBERRA on a steel 316 LN piece of 

low permeability provided by CIEMAT and, sealed with a Be filter of 25 µm thickness. 

Since the Germanium possesses a band gap relatively low, these detectors must be cooled in 

order to reduce the thermal generation of charge carriers to an acceptable level. The thermal contact 

with liquid nitrogen, at temperature of ∼77 ºK, is the cooling method adopted for these detectors.  The 

present detector uses a charge pre-amplifier (model 2008) and a cryostat, model 7935/S-7F, of liquid 

N2 with a capacity of 5 litre that will last for 5 days. 

This diagnostic has the possibility of being equipped with a CANBERRA Si(Li) detector (crystal 

with a 5 mm diameter and 2 mm thickness, and energy range of 1 to 30 keV). Figure 5.2 shows the 

efficiencies of both detectors. 

 
Figure 5.2: Efficiency of Ge and Si(Li) detectors. The falls at the right correspond to the absorption loss of 5 mm – 

Ge and 2 mm – Si(Li) 

To obtain the best resolution (180 eV), it is necessary to apply conformation times in the 

spectroscopic amplifier higher than 2µs. This, however, will take higher time from the electronic chain 

in processing the necessary pulses for obtaining a spectrum. In order to enlarge the temporal 

resolution to 10 ms, conformation time must be reduced to 0.25 µs, at the same time sacrifying energy 

resolution up to 600 eV. Since in TJ-II, the impurity lines present do not overlap, and the energy 
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resolution does not affect the background radiation measurements, this will be the usual operation 

mode of this diagnostic. 

The calibration of this detector is relatively simple, since it only uses some radiation sources, in 

this case specifically were radioactive Iron (Fe) and Americium (Am) isotopes [26]. It must be collected 

many counts to record well-defined energy peaks from each of the isotope used. As the emitted 

photon energies are tabulated, the conversion channel-energy is straightforward. This can also be 

done in situ, using the transition lines from the impurities present in TJ-II plasmas, such as Argon (Ar), 

Iron (Fe) and Tungsten (W). 

 
 
 

5.3  Filters and Collimators 
This diagnostic is equipped with sets of filters and collimators, which can be combined to obtain 

the best signal levels in all of the spectral regions desired. Table 5.1 shows the spatial resolutions 

obtained for each collimator, as well as the attenuation factor due to variations of the solid angle. 

rC

(variable 

collimator 

radius) 

Rmin

(plasma minimum 

resolution-

maximum solid 

angle) 

Rmax

(plasma maximum 

resolution – 

decreasing solid 

angle) 

Reff

(effective average 

resolution – all radii in 

mm) 

I/I(rC = 5) 
(signal attenuation 

factor, considering 

the solid angle 

variations) 

5.0 15.500 29.500 22.86 1.00 

2.5 4.250 18.250 11.95 3.65 

2.0 2.000 16.000 9.87 5.37 

1.5 --- 13.750 8.01 8.75 

1.5 --- 11.500 7.47 22.59 

0.5 --- 9.250 7.12 99.13 

Table 5.1: List of the installed collimators and their spatial resolutions. 

It was already said that the system is equipped with a set of Be and Al filters. These allow the 

selection of the spectral region, as well as adjusting the total radiation intensity arriving to the detector. 

As in the former diagnostic presented in this work, these filters will minimize the effect of transition 

lines. Figure 5.3 presents the transmission curves for each detector. 
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Figure 5.3: Transmission curves for Be and Al filters. 
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CHAPTER 6 
 

FILTERS METHOD AND ITS APPLICATIONS IN TJ-II 
 
 
 

6.1  Introduction 
As it was mentioned before, the two heating methods currently in use in TJ-II have distinct 

characteristics, which reflect themselves on the type of plasma obtained. Some people often refer to 

the plasma as a living thing, because its behaviour is, beside the possibility of being uncontrollable or 

unpredictable, a result of the actions taken upon it. This way, and following the metaphor, the plasma 

is observed, being the different diagnostics the eyes. 

For ECRH plasmas, it can be said that there are plenty of eyes analysing every variation of them. 

Referring only from the radiation emission point of view, the ECE (Electron Cyclotron Emission) 

diagnostic is responsible for providing the electron temperature of the plasma. Besides, the Thomson 

Scattering (TS) diagnostic can benchmark the results. Even the two diagnostics mentioned here 

based on X-ray detection could provide extra information. Although in this case, and due to the high 

levels of contamination, they would not be applied with the purpose intended. Their applicability would 

rather be the study of suprathermal populations. And if the remaining diagnostics are added to these, 

the conclusion is that a satisfactory (to say the least) study of these types of plasmas can be done. 

For NBI plasmas, the situation is completely different. It could be said that TJ-II plasmas do not 

give information useful for the ECE system. Only TS can give a general idea of these plasma 

parameters, but it is crucial to remember that this is a single-time information, so it does not give any 

details about the time evolution of these parameters. This is exactly what it is necessary and vital to 

know. Figure 4.1 shows clearly the difference in the temperature and density profiles obtained from 

both kind of plasma, “viewed” by TS.  

Using the soft x-ray tomography and spectroscopy in NBI plasmas, values of electron temperature 

and density of the plasma will be obtained, allowing the reconstruction of their profiles and the 

simulation of their time evolution. This data will be unique in kind, creating opportunities to finally study 

various phenomena in NBI plasmas, such as: magnetohydrodynamic instabilities, transport, H-mode 

confinement, spatial distribution of impurities, changes in the plasma shape and position, etc. 
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6.2  Two-Filters Method 
It is worthwhile to remember that X-rays are produced due the acceleration experienced by 

electrons in the vicinity of positive ions. As we have described in Chapter 3, this electron-ion 

interaction can be quantum mechanically treated, from which it will be obtained the expression of the 

emissivity. Depending on the initial and final conditions of the interaction process, such as the electron 

initial velocity, impact parameter and electron final state, the emissivity obtained will correspond to 

different processes of emission. 

No matter what process is related to the emissivity, a common conclusion can be directly 

withdrawn and that is the radiation dependence on frequency. This dependence is present in the 

exponential variation, provided by the assumption that the electron energy distribution function follows 

the Maxwell distribution. The plasma electron temperature from the X-ray emission can be estimated 

by: 

eTej /)( ωυ h−∝      (6.1) 

where )(υj  represents the emissivity,  is the Planck constant divided by h π2 , ω  is the photon 

frequency and  the electron temperature. Applying the logarithm to this expression and plotting eT

))(ln( υj  versus υh , can be directly obtained from the spectrum slope . The PHA technique 

is the method used to perform a previous analysis. It provides information about the presence of 

transition lines and emission from nonthermal electrons, allowing observation or quantification of 

possible deviations of the expected radiation spectrum from a Maxwellian distribution.  

eT )/1( eT

The two-filters method is a technique that may be applied to determine Te from soft X-ray flux 

measurements, allowing a very good temporal resolution [27]. It makes use of two identical detectors 

looking at the same region of the plasma through filters of different thicknesses. The electron 

temperature will be deduced from the ratio of the soft x-ray fluxes transmitted through the two filters, 

taking into account that the signal received by the detectors is the intensity over a line integral (line of 

sight). 

Detected intensities are calculated by integrating the emissivity expression, over all the 

frequencies taken into consideration the filters effect. Thus, the electron temperature may be obtained 

from the ratio of the detector intensities (P1 and P2): 

1

2

P
PTe =      (6.2) 

Filters play an extreme important role. By choosing the adequate filter thicknesses, the unwanted 

line transitions can be eliminated, making the temperature estimate much more accurate. 

It is planned that, in TJ-II plasmas, the electron temperature will be determined through the two-

filters method. In the following, we will present a feasibility study of this method using part of the soft 

X-ray detection hardware already installed in TJ-II. For this purpose, we have selected two identical 
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detectors focused on approximately the same plasma area, each receiving radiation through a Be filter 

of distinct thickness. 

In this case, the expression used for the electron temperature calculation has been: 

β

α ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2

1

d
dTe      (6.3) 

where  and  are the intensities obtained by the two chosen detectors and, 1d 2d α  and β  represent 

two fitting parameters that are intended to include the contributions of impurities present in the plasma, 

transition lines, recombination, charge exchange, etc, and whose determination will be explained later 

in this chapter. Since, currently, there are Be filters of 8 µm thickness, not blocking all the expected 

impurity transition lines from most of TJ-II plasmas, these parameters become necessary in the 

calculation. Their calculation will be explained in the section of the experimental results. 

If all these contributions were minimized, these two fitting parameters would tend to one, and the 

expression (6.3) would be equal to (6.2), which is the ideal case. In fact and we will show below, the 

use of thicker filters causes a decreasing in the number of transition lines present in the spectrum. As 

consequence, the fitting parameters will have lower values. 

 

 

 

6.3  Data Acquisition and Analysis 
All the data included and treated in this work was obtained during the campaign of the first 

semester of 2008 in TJ-II. The existence of a powerful database, supported by dedicate computer 

(fusc), allows the storage of all the diagnostic measurements. In that sense, every time necessary, it is 

possible to search for a specific TJ-II discharge and see any signal desired (Figure 6.1).  

 
Figure 6.1: Print-screen taken from the signal visualization panel after a discharge. The signals displayed are 

selected by the user. 
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For data processing and analysis, the choice of a programming language can be arbitrary, 

depending on personal tastes. In the particular case of this work, the working programming language 

chosen was PV-WAVE. 

Build and developed by Visual Data Analysis Applications (VDA), PV-WAVE is a fourth-generation 

programming language (4GL), i.e., a programming environment designed with a specific purpose, 

such as the development of analysis methods used by scientists and engineers [28]. These types of 

languages are designed with the purpose of reducing programming effort, time of developing the 

software and cost of software development (whenever that is the case). The similarities between PV-

WAVE and IDL (Interactive Data Language) are many. As IDL, PV-WAVE is also a vectorized, 

numerical and interactive language. This enables it for:  

• Manipulate and visualize simple to complex datasets;  

• Detect and display patterns, trends, anomalies and other information;  

• Deliver powerful image and signal processing, data import and export, 3-D surface, histogram, 

contour, animation, colour editor and a database table display 

• Incorporate sophisticated analysis routines based on the industry-standard numerical libraries 

for reliable and precise numerical analysis. 

Besides its versatile programming environment and easy to learn syntax, it possesses extensive 

libraries of routines and functions and, gives the user the possibility to create new ones using a text 

editor. 

One of the most important characteristics in PV-WAVE is the use of Remote Procedure Calls 

(RPC). This technique is based on extending local procedure calling, so that the called procedure 

does not need to exist in the same address space as the calling procedure1. It is analogous to a 

function call. Figure 6.2 represents the functioning mechanism of RPC. The user writes in his program 

a procedure call that sends a request to the server and waits. The program will not continue for the 

next command until a response is returned, or it times out. When the request arrives, the server calls a 

dispatch routine that will perform the request and sends a reply back to the origin (program or client). 

After the RPC is completed the program will continue. 

                                                 
1 http://www.cs.cf.ac.uk/ 
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Figure 6.2: Remote Procedure Calling mechanism. 

In TJ-II, when a RPC is done, the request is send to fusc. This is the system responsible for the 

visualization of all the signals coming from diagnostics, electrical and mechanical systems. 

A PV-WAVE window can be simultaneously open while analysing the discharges. This allows the 

researchers to compare signals from different diagnostics in order to understand some specific 

behaviour they are analysing. For example, Figure 6.3 shows the soft X-ray brightness viewed by 

different cameras, namely the central observation chords. Simultaneously, other global monitor signals 

together with the line averaged density are plotted, so a comparison can be made through the time 

interval of that specific discharge. 

 
Figure 6.3: Print where it can be seen different signals plotted in the same window so a comparison can be made. 

All the programs used and made for the study and analysis of the experimental data can be found 

in the section Appendixes. They were run in the fusc environment, where the discharges were 

selected and the first results could be recorded in files. Although the results can be obtained in the 
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form of graphs in PV-WAVE (Figure 6.4), for a matter of aesthetics and comfort, other software is used 

to treat the results: KaleidaGraph.  

 
Figure 6.4: Graphics obtained by PW-WAVE after running the program “met_filt.pro” (see Appendixes), for the 

discharge number 18149. 

Built and developed by Synergy Software1, KaleidaGraph is a graphic and data analysis 

application for students, research scientists, engineers, and those in these scientific fields, whose lack 

of time makes this the perfect solution. It allows the user to import, manipulate and analyze data, 

converting the most complex one into a functional display. Possessing a large variety of algebraic and 

statistical functions, it enables a clear manipulation of the data. 

One of its more outstanding characteristics is in the area of curve fitting. Supporting linear and 

nonlinear curve fitting, it contains equations for linear, polynomial, exponential, logarithmic and power 

functions, and four different smoothing curve procedures. 

Its layout features allow the possibility of displaying plots, tables and text, in a manner suitable for 

publications or presentations. 

 

 

 

6.4  Experimental Results 
As we mentioned in Chapters 4 and 5, the two diagnostics described in this work were designed 

and implemented in TJ-II with the purpose of measuring the profile shape of the soft X-ray emissivity 

and the electron energy distribution function, in order to help to completely establish Te, ne and ni 

profiles. As well, we have remarked that after wall conditioning the flux of the soft X-rays arriving to the 

detectors is extremely low due to the small amount of impurities present in TJ-II plasmas. Therefore, 

the filter thickness currently used cannot be very large, otherwise no information will arrive to the 

detectors. On the other hand, if filters were very thin some impurity lines would strongly affect the 

observation. So the range of the soft x-ray emissions that can actually be used to obtain information 

from the plasma is very limited. 

                                                 
1 http://www.synergy.com/ 
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The first thing that was done to try to simulate a two-filters method was the verification of the fitting 

expression in a case, ECRH plasmas, where we had the possibility of comparing our results with 

electron temperature measurements obtained with other diagnostics (namely, ECE). The ECRH 

plasmas have a peaked and narrow Te profile, and the expression for the two-filters method has to 

include a correcting term that compensates the edge contribution to the total flux crossing the thinner 

foil: 
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where the indexes C and E represent, respectively, lines of sight observing the plasma centre and 

edge. 

Since the NBI plasmas have a Te profile much wider, this term is no longer necessary and we can 

simply recover expression (6.3). In our study, we have analyzed three series of discharges with 

different input powers and majority ions, trying to cover an ample set of operation scenarios. 

For the three series of discharges used the method was always the same: 

• The “met_filt_fit.pro” program was used in order to determine the fitting parameters; 

• With the program “met_filt.pro” the fitting parameters were applied to each discharge. This step 

could have been done shot by shot or, using the “call_shot_metfilt.pro” program, all the shots in 

one time; 

• The program “graph.pro” gives us the graph where we can compare the fitting data with the data 

obtained from other diagnostics. 

The errors presented in all series are in fact statistical errors, i.e., they directly depend on the 

values of α and β. In the future these errors must include all the possible contributions affecting the 

detected signals like: geometry differences, charge-exchange, impurities content, etc. 

The first series belongs to a set of helium discharges, where it were chosen the internal cameras 1 

and 5 (Figure 4.2), in particular their viewing chords 509 and 104, to measure the soft X-ray emissivity 

from the plasma. By choosing these chords in particular, we are “crossing” results from the same 

region of the plasma, as it can be seen in Figure 6.5. 

 
Figure 6.5: Scheme of the five cameras composing the tomography diagnostic. In red it is represented the viewing 

chord 509 and in green the 104. 
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For this specific series of discharges, the fitting parameters found with the program 

“met_filt_fit.pro” are: 

2.04.2
3.09.11

±=
±=

β
α

     (6.5) 

and, in order to determine if the results obtained are a good approximation to the real ones, in the 

same graph we plotted the Te derived from measurements of the plasma energy content. During the 

NBI heating phases, equal ion and electron temperatures have been considered, so the average 

electron temperature is simply the diamagnetic loop signal divided by the average electron density 

(Figure 6.6). 

     

     

     
Figure 6.6: Series of helium discharges where it is possible to compare the Te (keV) values obtained with the two-

filters method (dark green line) and from the diamagnetic loop (blue line) versus time (ms). The light green 

represents the errors calculated using the errors from the fitting parameters 
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The graphs were arranged so they present the same scale in both axis, in order to a correct 

comparison could be made between the different shots. With the exception of the shot number 18147, 

where none of the NBI entered, the behaviour remains almost the same shot to shot.  

Analysing the fitted curve (dark green line) it is clear when the ECRH stops and the NBI heating is 

introduced (note that the average temperatures during the ECRH phase are twice the value shown in 

the plots). Despite some small differences, it can be said that the latter is introduced approximately at 

1120 ms, where the temperature raises again never achieving the values reached with the ECRH, as 

expected. 

Another fact that is clearly seen is that the fitting provides Te values higher than the ones obtained 

by the diamagnetic loop. This is explained when it is taken into consideration that the ion temperature 

is always lower that the electron temperature and, as above mentioned, the Te estimation from 

diamagnetic loop data assumes that both species have the same temperature (also the term 

“average” refers to the whole plasma volume, not only to the central region), so one must be aware 

that the plotted values are systematically lower than the correct ones. 

If we now analyse Figure 6.7 where the hydrogen plasma series is represented, we can compare 

it with the previous results. It is important to refer that in this case only one of NBI heating systems 

was operative, and that for that case the fitting parameters found are: 

3.02.1
2.23.7

±=
±=

β
α

     (6.6) 

With the exception of the shot number 18052, where the signal of the diamagnetic loop was not 

available, we can see once more the existence of a “slight understanding” between both results. One 

noticeable difference between this series and the first one presented consists in the errors calculated. 

It can be seen that in this last case they are much larger, leading to the conclusion that the fitting 

diverges from the ideal one. 
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Figure 6.7: Hydrogen series where is plotted the average Te (keV) obtained by the diamagnetic loop (blue) and 

the Te (keV) obtained by the fitting method (dark green), versus time (ms). 

The last series presented in this work also corresponds to a hydrogen plasma but now with the 

two NBI heating systems operative. As it can be seen in Figure 6.8, the trace used to compare with 

the fitting results is not the same as before, we are now using the electron temperature deduced from 

the emission spectrum. This information was not available in the previous series that was why it was 

not used to make the comparison between the results. 

Another difference between this and the other series are the detectors used to simulate our two-

filters method. Since we were not able to find a good approximation with the signals of the previous 

pair of chords, we risked and decided to use detectors from different diagnostics. In that sense, we are 

now using the signal received by the viewing chord 510 (33 µm Be filter), belonging to camera number 

5 from the tomography diagnostic and, the flux signal received by the Ge detector looking at the 

plasma center, from the spectroscopic diagnostic. The fitting parameters found are: 

2.09.1
02.021.0

±=
±=

β
α

     (6.7) 
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Figure 6.8: Hydrogen series with both NBI systems operatives. The dark green line represents the Te obtained 

with the two-filters method and in light green are represented the respective errors bars. The blue line represents 

the electron temperature from the PHA spectrum with the errors bars in light blue. The last graph represents 

again the shot number 18951 but this time with the instrumental errors represented over the Te curve also in 

green. 

As we mentioned in chapter 5, it is possible to obtain the time evolution of the electron 

temperature from the soft x-ray spectroscopic diagnostic at the expense of losing spectral resolution, 

although sometimes, the pileup effect leads to wrong temperature estimations (see plots from shots 

18938 and 18939). 

Even though these results look acceptable it is also true that they are not as good as the ones 

presented in Figure 6.6. It is worthy to mention that these discharges were not as stable as the helium 

discharges and, in addition, we suspect that emissions from some impurity transition lines could have 

gone through the filter and then were included in the fits. 
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The third series is the only one where the instrumental errors were also calculated. As an 

example, the shot 18951 was repeated at the end of Figure 6.8 but this time with the fitting errors 

replaced by the instrumental ones. Since their values were quite small, it was concluded that it was 

not necessary to include them due to the low influence they have in the final results. Of course when 

the new diagnostic would be implemented, these errors should be taken into account so the result will 

be as accurate as possible. 

Another characteristic of this series is the fact that we used the signals from different diagnostics 

and still we managed to obtain a reasonable result. This reinforces our conviction that if we were using 

diagnostics implemented with the purpose of specifically studying the NBI plasmas, the results 

obtained would be even better. 

Figure 6.9 presents some graphs where we can see the temporal evolution of each series. The 

first shows a better concordance between the different shots, indicating a higher reproducibility from 

shot to shot. It is also visible that the first series, the helium series, possess higher energy levels than 

the others. 

                                               

                   

 
Figure 6.9: Temporal evolutions of “averaged” electron temperatures of the three series of discharges: a) helium 

series, b) hydrogen series with one NBI and c) hydrogen series with two NBI. 
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In order to have a more concrete idea of how good the fittings applied are, we plotted the different 

data relatively to the electron temperature obtained from the Thomson scattering. First of all we plotted 

the Te from the Thomson scattering versus itself, this way we obtain a perfect line in the diagonal so 

we have a comparison term. Then in the same graph it was plotted the Te obtained by the adjustment, 

the two-filters method, so we were able to see how close it would get to the line previously plotted. 

Finally, and simply as comparison form, we have the average Te (from the diamagnetic loop and 

spectrum) versus the one from Thomson scattering (Figure 6.10). 

As we have discussed earlier, the average Te always appears below the other two. And of course, 

we must not forget that data obtained by the Thomson scattering are representative of a specific 

instant not a time interval. 

                

 
Figure 6.10: Graphs showing the quality of the fittings done for each series: a) helium series, b) hydrogen series 

with one NBI and c) hydrogen series with two NBI. 

In order to withdraw some clear conclusions, it is necessary to enhance the most important steps 

that guided this experimental work. This work was based on the current need to implement in TJ-II a 

diagnostic system that could provide information about the NBI plasmas, in particular, the time 

evolution of the electron temperature. In order to respond to this need, an X-ray experimental 

technique was thought as a hypothesis, the two-filters method. 
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The two techniques explained before, X-ray tomography and spectroscopy, provided the means to 

achieve the results presented here. Although they were implemented in TJ-II device for different 

purposes than the ones explored here, they could give the data that we needed, soft X-ray emissivity 

with distinct filters thickness. Using these data it was possible to extrapolate the best two-filters 

method relation applicable to our present situation. Nevertheless, because these diagnostics were not 

prepared for this type of plasma (the filter thickness was not high enough), we tried to use the most 

homogeneous discharges, i.e., reproducible and without many impurities. 

The conditions were not the most adequate and notwithstanding, the results obtained were much 

better than the expected for a first approximation. This allows us to conclude that the two-filters 

method can be implemented as experimental technique for the study of high-density plasmas. But the 

results analysis also provides information about what improvements are needed. It is visible that the 

best fitting was obtained for the first series, the helium one. As the plasma composition changes the 

fitting drifts away from the ideal. This can be seen in Figure 6.10, where the red line help us to see 

where should be located the data. 

In order to justify our conclusion that the two-filters method can not be applied with the existing 

diagnostics, we present a result where no possible adjustment could be found (Figure 6.11). This 

means that a new diagnostic is needed, with filters whose thickness is appropriate for these plasmas, 

a best localization in the device and an algorithm that takes into account all the possible contributions 

existing in different plasmas. 

 
Figure 6.11: Graph showing the fitting done for a series of discharges with only one NBI operative. The red lines 

represent the perfect diagonal where the results should be and the actual slope they have. 
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CHAPTER 7 

 

CONCLUSIONS 
 

 

 

The work summarized in this Master Thesis has been carried out during two months in TJ-II. Its 

main aim was the definition of the necessary elements for a reliable electron temperature diagnostic 

based on soft X-ray detection for analysis of neutral beam heated plasmas. 

In a first step, the different characteristics, from the point of view of radiation emission, of plasmas 

heated with the two methods currently available in TJ-II, namely ECRH and NBI, have been analysed. 

The capabilities of the already existing soft X-ray diagnostics (i.e., a five-camera 16-channel 

tomographic system equipped with a carrousel containing beryllium filters of different thickness and a 

low-resolution spectroscopic system, also equipped with different filters and several collimators) to 

yield acceptable estimations on electron temperature have been assessed. 

In ECRH plasmas, the time evolution of the electron temperature profile is routinely followed using 

a heterodyne 16-channel ECE array. Then, when soft X-ray systems are used to estimate the electron 

temperature from either the slope of the emission spectrum or the ratio of emissivities in different 

energy windows, filters thickness and collimators sizes can be easily chosen as the ones that give the 

best fit to the real electron temperature. Thomson scattering profiles are also used to crosscheck the 

reliability of the determined values. In this sense, pairs of signals from detectors belonging to different 

arrays, but with equivalent lines of sight, were used to define a simple analytical expression to 

calculate the electron temperature. This procedure can also be applied to mixed heated (ECRH + NBI) 

plasmas, with mean averaged densities up to . 319102.1 −× m
Unfortunately, in NBI heated plasmas, neither the ECE diagnostic nor the analytical fit previously 

found are longer valid, and the single-point Thomson scattering is the only system that gives 

information of the electron temperature. Besides and up to date, since no stationary plasmas with 

densities higher than have been achieved, the knowledge of the electron temperature in a 

unique discharge instant is of little help, especially when transport analyses are requested. 

Nevertheless, in this work we have tried to establish what are the suitable arrangements to construct a 

robust system to be used under almost all the TJ-II NBI heated plasmas. 

319103 −× m
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To compensate for the lack of temporal resolution we have used the Thomson scattering profiles 

of electron temperature from series of (in some extent) reproducible discharges to provide a reference 

benchmark for the estimations yielded by the soft X-ray diagnostics. 

It is worthy to note that the location of the soft X-ray tomography system is too close to the 

entrance of one of the heating beams and therefore the signals obtained with the thinnest filters are 

likely polluted by emissions produced by primary charge exchange processes with intrinsic impurity 

ions (for example fully stripped oxygen), therefore no reliable results are expected. However, when 

operating under freshly conditioned walls (boronized and lithiumized), the impurity content is strongly 

reduced and both, line transitions and charge exchange, contributions can be considered as negligible 

in the energy region of interest. 

Three series of discharges produced under quite different conditions have been considered and 

the estimation of the electron temperature has been done following the same fitting procedure as in 

ECRH plasmas.  

The helium series (Figure 6.6) is, without doubts, the one which presents the best fitting obtained. 

With the changing of the plasma constitution, from helium to hydrogen, we were able to observe how 

the fitting became less “accurate”. But even in the last series, where signals from different diagnostics 

were used in the two-filters method, we achieved a good approximation. So, a clear conclusion is that, 

even without considering the solid angle contribution, impurity lines and charge exchange 

contributions, using filters whose thickness are inadequate for this kind of plasma, the fitting method 

used still presented reasonable results. Of course, such kind of conclusion may lead to think that there 

is no need for any changes, since the diagnostics in use achieve perfectly the proposed goals. That is 

why the graph in Figure 6.11 was presented. It is a proof without question that it will not work in all the 

conditions, and that a new diagnostic is needed. First of all, there are not any diagnostics operating in 

TJ-II able to provide measurements of the time evolution of electron temperature and density in NBI 

plasmas. Even the ones that were used as a comparison term in this work have to be considered 

dubious sources of information. This work demonstrated that the soft X-ray diagnostics can provide 

this kind of information, even by using a somewhat “primitive” approximation. Second, at the 

instrumental level, for example filters and collimators, a change is also necessary. Since the range of 

energies is different in NBI plasmas, the material requirements will also change. The flux of soft X-ray 

reaching the detectors will be stronger than in the case of ECRH plasmas, so thicker filters will be 

needed.  

In general it may be assumed that this work achieved its main goals by demonstrating that the soft 

X-ray diagnostics can be the adequate measurement technique for NBI plasmas, but not with the 

currently operating ones. The measurement method has to be further improved after including a 

simulation procedure where all the possible contributions to the detected signals are taken into 

account. This will also means that then the errors will not be calculated by statistical methods, so they 

will present a higher level of accuracy. This will be one of the many steps that should be taken in order 

to implement the new diagnostic and, could be considered as a starting point for future work. It must 

be emphasized that, following the experience gained while performing this Master Thesis work, a 
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prototype of the two-filters method has been constructed and will be installed in TJ-II by the end of 

April 2009. 
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Appendix A: Program “met_filt_fit.pro” 

 
This program was used to perform the computing determination of the best fitting, which implies that 

for a series of discharges selected it would check whose parameters best fit relatively to the 

comparison term. The Thomson scattering was the diagnostic responsible for give this comparison 

term. 

 
FUNCTION my_F, d33,d8c,d8b,te_th, p 
    
   RETURN, (abs(p(0))*d33/d8c)^p(1) ;p(0)=alpha and p(1)=beta 
END 
 
 
FUNCTION my_F_fit, m, p 
 
   COMMON Decay_fitting, d33,d8c,d8b,te_th 
    
   RETURN, te_th-my_F(d33,d8c,d8b,te_th, p) 
END 
;these two functions are responsible to check what was the best fitting 
 
;with the Procedure Definition Statement (PRO) a sequence of one or more 
;statements are given a name, compiled and saved for future use. In other 
;words this may be called the “body” of the program 
PRO met_filt_fit,filedata=filedata,iwin=iwin $ 
     ,chan1=chan1,chan2=chan2,fileshots=fileshots,p0=p0 
    
   COMMON Decay_fitting, d33,d8c,d8b,te_th   ;function calling 
 
;similar to other languages, here is performed a checking for number of 
;elements contained in a expression or variable 
   if n_elements(iwin) ne 0 then begin    
      device, window_state=ws  
      !p.multi=[0,1,1] 
      if ws(iwin) eq 0 then window,iwin else wset,iwin 
   endif 
    
   if n_elements(chan1) eq 0 then chan1='RX509' 
   if n_elements(chan2) eq 0 then chan2='RX104' 
   npuntos=200 
    
   if n_elements(p0) eq 0 then p0 = [8., 1.] ;initial guess coefficient 
;values 
   itnfactor=1L  
    
   if n_elements(filedata) ne 0 then begin 
     ndata=0 
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     sts=dc_read_free(filedata,ndata) 
     te_th=fltarr(ndata)   
;the fltarr is a function that creates a floating-point vector or array of 
;the specified dimensions 
     d33=fltarr(ndata) 
     d8c=fltarr(ndata) 
     d8b=fltarr(ndata) 
;statement responsible for reading the data from the files    
sts=dc_read_free(filedata,shot,te_th,d33,d8c,d8b,nskip=2,/column,/resize) 
   endif 
    
   if n_elements(fileshots) ne 0 then begin 
     sts=dc_read_free(fileshots + '.dat',shot,nskip=1,/column,/resize) 
     ww=where(shot gt 0) 
     shot=shot(ww) 
      
     nshots=n_elements(shot) 
     time=fltarr(nshots) 
     Te_th=fltarr(nshots) 
     ne_th=fltarr(nshots) 
     dd33=fltarr(nshots) 
     dd8c=fltarr(nshots) 
     dd8b=fltarr(nshots) 
 
     for i=0,nshots-1 do begin 
;in the next line the program zomson.pro is called in order to use the data 
;obtained by it 
       zomson,shot(i),rho,T_e,N_e,P_e,t_th,iwin=iwin,/noplot 
       time(i)=t_th 
       www=where(rho ge -0.3 and rho le 0.3) 
       Te_th(i)= avg(t_e(www)) 
       ne_th(i)= avg(n_e(www)) 
       rpcc_lectur,shot(i),chan2,t8,d8c,sts=sts 
       stst=sts 
       rpcc_lectur,shot(i),chan1,t33,d33,sts=sts 
       stst=stst+sts 
 
       if stst eq 0 then begin  
         d8c=median(d8c,npuntos) ;calculates the median 
         d8c=smooth(d8c,npuntos) ;applies the smooth 
         d8c=d8c-avg(d8c(10:2000)) 
   
         d8b=d8c 
   
   
  tmin=min(abs(t8-time(i)),tminind) 
  dd8c(i)=d8c(tminind) 
  dd8b(i)=dd8c(i) 
 
         if chan1 eq 'Sxrint_' then d33=smooth(d33,3) else begin 
    d33=median(d33,npuntos) 
           d33=smooth(d33,npuntos) 
           d33=d33-avg(d33(10:2000))   
  endelse 
       
         tmin=min(abs(t33-time(i)),tminind) 
         dd33(i)=d33(tminind) 
 
       endif else print,'Algun dato no disponible o no leido' 
     endfor 
     d33=dd33 
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     d8c=dd8c 
     d8b=dd8b 
 
      
   endif 
 
   PRINT,d33,d8c 
   PRINT 
   r = nlinlsq('my_F_fit', N_ELEMENTS(d33), N_ELEMENTS(p0) $ 
             , xguess = p0, fvec = fvec $ 
             , /Intern_Scale, jtj_inverse = jtj_inverse, /DOUBLE $ 
             , itmax = 100*itnfactor $ 
             , max_evals = 400*itnfactor) 
;nlinlsq is a fitting routine 
 
   variances = (jtj_inverse*TOTAL(fvec*fvec) $ 
                /DOUBLE(N_ELEMENTS(fvec)-N_ELEMENTS(r))) 
   diag = INDGEN(N_ELEMENTS(r)) 
   errval = SQRT(variances(diag, diag)) 
 
    
   te_fit=my_F(d33,d8c,d8b,te_th, r) 
    
    
   
fichero=strcompress(string(fileshots)+'_'+string(chan1)+'_'+string(chan2) $ 
              +'-mff.sai',/remove_all) 
   print, 'Guardando dtos en ',fichero 
     sts=dc_write_free(fichero,shot,te_th,ne_th, $ 
           time,d33,d8c,te_fit,/column) 
     ;sts=dc_write_free('met_filt_fit_.sai',shot, $ 
           ;te_th,ne_th,time,d33,d8c,d8b,/column) 
    
;these statements print whatever information we want upon the screen    
   PRINT, 'Iniciales: ' 
   PRINT, p0 
   PRINT, 'Ajuste: ' 
   PRINT, r 
   PRINT, 'Errores: ' 
   PRINT, errval 
 
;the next statements are responsible for plotting the graphs accordingly to 
;the colours and positions we desire. Also we can decide the title, legends 
;and labels present. 
   PLOT , te_th, te_th, psym = 6, title=fileshots + '  (' + chan1 + ' and ' 
+ chan2 $ 
        + ')',yrange=[min([te_th,te_fit]),max([te_th,te_fit])] 
   OPLOT, te_th, te_fit , color = cp(3), psym = 6 
   xyouts,min(te_th),max(te_th),'Te_th' 
   xyouts,min(te_th),0.95*max(te_th),'Te_met_filt_fit',color=cp(3) 
   xyouts,0.8*max(te_th),0.15*(max(te_th)-min(te_th))+min(te_th), $ 
    'Alfa= '+strtrim(abs(r(0)),2)+' ('+strtrim(errval(0),2)+')', 
color=cp(4) 
   xyouts,0.8*max(te_th),0.1*(max(te_th)-min(te_th))+min(te_th), $ 
    'Beta= '+strtrim(r(1),2)+' ('+strtrim(errval(1),2)+')', color=cp(4) 
    
END 
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Appendix B: Program “met_filt.pro” 

 
This program can be used to determine the central electron temperature by the two-filters method, 

shot by shot. 

 
pro met_filt,shot,trange=trange,frel=frel, $ 
  CTe=CTe,spw=spw,temax=temax,npuntos=npuntos,fsal=fsal,borde=borde, $ 
  twrite=twrite, chan1=chan1,chan2=chan2,iwin=iwin,vxi=vxi,dCTe=dCTe, $ 
  dborde=dborde 
 
 if n_elements(vxi) eq 0 then vxi=0 
 if n_elements(temax) eq 0 then temax=1. 
 if n_elements(trange) eq 0 then trange=[1000,1250] 
 if n_elements (twrite) eq 0 then twrite=[1050,1250] 
 if n_elements(spw) eq 0 then spw=0 
 if n_elements(borde) eq 0 then borde=0.20530326  ;fitting parameter α 
 if n_elements(dborde) eq 0 then dborde=0.015680749  ;α error 
 if n_elements(CTe) eq 0 then CTe=1.8633137  ;fitting parameter β 
 if n_elements(dCTe) eq 0 then dCTe=0.23747610  ;β error 
 if n_elements(npuntos) eq 0 then npuntos=100 
 if n_elements(fsal) eq 0 then fsal=0 
 if n_elements(chan1) eq 0 then chan1='Sxrint_' 
 if n_elements(chan2) eq 0 then chan2='RX510' 
 if n_elements(iwin) ne 0 then begin  
      device, window_state=ws  
      ;!p.multi=[0,1,1] 
      if ws(iwin) eq 0 then window,iwin else wset,iwin 
 endif 
  
 rpcc 
 rpcc_lectur,shot,chan2,t8,d8c,sts=sts 
 stst=sts 
 rpcc_lectur,shot,'RX102',t,d8b,sts=sts 
 stst=stst+sts 
 rpcc_lectur,shot,chan1,t,d33,sts=sts 
 stst=stst+sts 
 rpcc_lectur,shot,'ECE10',tece,dece,sts=sts 
 stst=stst+sts 
;the remote procedure calling (rpc) is used in order to obtain the data 
;measured by the specified diagnostics and recorded in the main database 
  
 if stst eq 0 then begin  
    d8c=median(d8c,npuntos) 
    d8c=smooth(d8c,npuntos) 
    d8c=d8c-avg(d8c(10:500))     
      
    if chan1 eq 'Sxrint_' then begin 
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      d33=smooth(d33,6)  
      d8c=interpol(d8c,t8,t) 
    endif else begin 
      d33=median(d33,npuntos) 
      d33=smooth(d33,npuntos) 
      d33=d33-avg(d33(10:500))     
    endelse     
  
    dece=median(dece,npuntos) 
    dece=-smooth(dece,npuntos) 
    dece=dece-avg(dece(10:500)) 
 endif else print,'Algun dato no disponible o no leido' 
 
 zomson,shot,rho,T_e,N_e,P_e,time,iwin=iwin 
       rango=where(rho ge -0.3 and rho le 0.3) 
       Te_th= avg(t_e(rango)) 
 tmin=min(abs(t-time),tminind) 
 print,'t_thomson , d8c, d33 
 print,t(tminind),d8c(tminind),d33(tminind) 
 
 !p.multi=[0,2,1] 
        
plot,t,d8c,xrange=trange,title=string(shot),xstyle=1,yrange=[0,max([d8c,d33
])] 
  xyouts,1020,max(d8c)*0.5,chan2 
  oplot,t,d33,color=cp(3),xrange=trange,xstyle=1 
  xyouts,1020,max(d8b)*0.5,chan1 + '(x5)',color=cp(3) 
     
  te5=(borde*(d33/d8c))^Cte 
  aln=borde*(d33/d8c) 
  aln=aln > 1e-20   ;to eliminate negative values 
   
  dte5=(CTe*(borde*(d33/d8c))^(CTe-1.0)*(d33/d8c))*dborde + $ 
       abs((alog(aln)*(borde*(d33/d8c))^CTe)*dCTe) 
  dte52=((CTe*(borde*(d33/d8c))^(CTe-1.0))*borde/d8c)*.01 + $ 
        ((CTe*(borde*(d33/d8c))^(CTe-1.0))*borde*d33/(d8c^2))*.001 
  
 t2=t 
 www=where(d8c gt 0.03) 
 t=t(www) 
 te5=te5(www) 
 dte5=dte5(www) 
 dte52=dte52(www) 
 print, t(0),t(1)-t(0) 
  
 www=where(te5 gt 0.05) 
 t=t(www) 
 te5=te5(www) 
 dte5=dte5(www) 
 dte52=dte52(www) 
  
 ind1=fix((twrite(0)-t(0))/(t(1)-t(0)) > 0) 
 ind2=fix((twrite(1)-t(0))/(t(1)-t(0)) < n_elements(t)-1) 
 print,'ind1 ',ind1,' ind2 ',ind2 
 
 plot,tece,dece,xrange=trange,yrange=[0,temax],title='Te' $ 
      ,xstyle=1,ystyle=1,color=cp(1) 
 oplot,t,te5,color=cp(4) 
 oplot,[time],[Te_th],psym = 6 
 xyouts,trange(0)+5,temax*.05,'CTe=  '+strtrim(cte,2),color=cp(4) 
 xyouts,trange(0)+5,temax*.9,'ECE10',color=cp(1) 
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 xyouts,trange(0)+5,temax*.8,'Te_Met_Filt',color=cp(4) 
 print,trange(0),trange(1) 
 
 fichero='' 
 fichero=strcompress(string(shot)+'-mf.dat',/remove_all) 
 print, 'Guardando dtos en ',fichero 
 sts=DC_WRITE_FREE(fichero,t2,d8c,d33,t(ind1:ind2), $ 
 te5(ind1:ind2),dte5(ind1:ind2),dte52(ind1:ind2),/column) 
 empty 
 
 if vxi eq 1 then begin 
     print, 'Escribiendo Sxrint_ en #',shot(ishot) 
     rpcc_addt,shot(ishot),'RXCENTRO_',-6,t*1000,te5,sts=sts 
 endif 
  
 end
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Appendix C: Program “call_shot_metfilt.pro” 
 
 
This program was created in order to replace “met_filt.pro” if we desire to apply the fitting to a series of 
discharges all at once. 
 
PRO callshot_metfilt,fileshots=fileshots,CTe=CTe,borde=borde,vxi=vxi 
 
 if n_elements(CTe) eq 0 then CTe=1.8633137 
 if n_elements(borde) eq 0 then borde=0.20530326 
  
 if n_elements(vxi) eq 0 then vxi=0 
  
 sts=dc_read_free(fileshots + '.dat',shot,nskip=1,/column,/resize) 
 shot=abs(shot) 
 shot=long(shot) 
 
 nshots=n_elements(shot) 
 
 for i=0,nshots-1 do begin  
   met_filt,shot(i),CTe=CTe, $  
      borde=borde, $ 
      chan1='Sxrint_',chan2='RX510',vxi=vxi,iwin=i 
  
 endfor 
 
 end 
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Appendix D: Program “graph.pro” 
 

This program was created so it was possible to plot the data of some files, using PV-WAVE. Changing 

some of the statements it is possible to apply it to other data files than the ones used here. 

 
PRO graph,filedata=filedata 
  
   
 if n_elements(filedata) ne 0 then begin 
   sts=dc_read_free(filedata + '.te',t,Te,err,/column,/resize) 
   nsize=n_elements(t) 
   sts=dc_read_free(filedata + '-
mf.dat',time,d8c,d33,t_fit,Te_fit,/column,/resize) 
    
   t_fit=t_fit(0:n_elements(te_fit)-1) 
   te_fit=1000.*te_fit 
    
   !p.multi=[0,1,1] 
   plot,t_fit,Te_fit,psym=1,yrange=[0,max([te,te_fit])], $ 
       title='Comparison between adjusted and spectral electronic 
temperature (shot:' + $ 
       filedata + ')' 
   oplot,t,Te,psym=-7,color=cp(3) 
   xyouts,min(t_fit)/1.013,max([te,te_fit])*1.,'Te_fit' 
   xyouts,min(t_fit)/1.013,max([te,te_fit])*0.95,'Te_spe',color=cp(3) 
   for i=0,nsize-1 do begin 
     oplot,[t(i),t(i)],[te(i)-err(i),te(i)+err(i)],color=cp(3) 
   endfor 
endif 
 
end 
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Appendix E: Program “zomson.pro” 

 
This program, although not created for the present work, it is included here since it was used for 

obtaining the Thomson scattering data. As it can be seen in the previous programs created, it is called 

in them as a function. 

 
PRO zomson,nshot,rho,T_e,N_e,P_e,time,noplot=noplot,callploteo=callploteo,$ 
    iwin=iwin 
 
    if n_elements(noplot) eq 0 then noplot=0 
    if n_elements(callploteo) eq 0 then callploteo=0 
    if n_elements(iwin) eq 0 then iwin=0 
     
   Rpcc 
   Rpcc_Ts, nshot, rho, w=w, time=time $ 
             , T_e=T_e, dT_e=dT_e $ 
             , N_e=N_e, dN_e=dN_e $ 
             , P_e=P_e, dP_e=dP_e $ 
             , sts=sts, ierr=ierr $ 
             , verbose=verbose 
  
  if sts eq 0 then begin 
    print, 'Thomson time = ', time 
    Rpcc_lectur, nshot, 'ELASER',t,d,sts=sts 
 
    if sts eq 0 then begin 
      d=deriv(d) 
      dmax=max(d,itime) 
      t2=t(itime) 
      print,'timeELASER=',t2 
      time=t2  
    endif else begin 
      print, 'Elaser no existe time=time+6ms' 
      time=time(0)+6 
    endelse 
 
    if noplot eq 0 then begin 
      if callploteo eq 1 then begin 
        rho=[-1,rho,1] 
 t_e=[0,t_e,0] 
 n_e=[0,n_e,0] 
 tt=rho 
 dd=fltarr(n_elements(rho),2) 
 dd(*,0)=t_e 
 dd(*,1)=n_e 
 ploteo,tt,dd,traza=['Te_thom','ne_thom'], $   
 titulo='#'+strtrim(nshot,2)+'/'+strtrim(time,2)+'ms', $ 

 80



   flags='zomson' 
      endif else begin 
        device, window_state=ws 
 if ws(iwin) eq 0 then window,iwin else wset,iwin 
        !p.multi=[0,2,1] 
        plot,rho,T_e, color=cp(1),psym=4, $ 
          title='Te  '+'#'+strtrim(nshot,2) 
        oplot,rho,smooth(T_e,10),color=cp(2) 
     www=where(rho ge -0.3 and rho le 0.3) 
        print, '<T_e> = ',avg(T_e), avg(t_e(www)) 
        print, '<n_e> = ',avg(n_e), avg(n_e(www)) 
 !p.multi=[0,1,1] 
      endelse 
    endif 
  endif else begin 
    print, 'Descarga no encontrada' 
  endelse 
      
 
end 
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