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Summary 

Plasma in a tokamak is confined by a magnetic field. This field consists of a large toroidal 
field and a much smaller poloidal field, generated by the plasma current. The helicity of the 
field is expressed by the safety factor (q). Rational values of q, where a field line closes onto 
itself after a certain number of toroidal revolutions, are special. Here instabilities, islands or 
transport harriers may develop. 
Motional Stark Effect (MSE) is one of the few techniques that can measure the q-profile 
locally and with this q-profile, the current density profile can be derived. The MSE diagnostic 
spectrally resolves the polarisation of the Balmer-a line of a high-energy hydrogen or 
deuterium neutra! beam injected into the tokamak. In this report, it will be shown how from 
the MSE spectrum the poloidal magnetic field at an accurately determined volume can be 
derived. In addition, a new method is developed to obtain the impurity concentration and the 
effective ion charge from a combination of the MSE and Charge Exchange Recombination 
(CX) diagnostics. 
To determine a correct current density profile an accurate determination of the observed 
location is crucial. Prior to this report at TEXTOR, only use was made of the calibration prior 
to the measurements and the Doppler shift to determine the location of the observation 
volume. In this report is shown that this location can also be determined with the Stark 
splitting. This method may be even more accurate than the other two methods at smaller 
major radii . The disadvantage of this method however is that it can only be used for shots 
without a plasma. 
Knowing the position, the poloidal magnetic field can be determined with the MSE 
diagnostic. In this report, two different methods are compared to do this. The accuracy of 
both methods showed to be very limited, soa new setup has to be built to derive the poloidal 
magnetic field with a higher accuracy. 
To obtain finally the current density, expressed by the safety factor q, one needs apart from 
the poloidal magnetic field the Shafranov shift and the distance from the observation volume 
to the magnetic axis. These last two parameters can be directly derived from the full profile 
of the poloidal magnetic field. However, the errors in these parameters are at this moment 
that large that the safety factor determined with the used setup is not reliable. 
Another item addressed in this work is to proof the principle that the use of the beam 
emission in combination with CX will greatly enhance the accuracy in determining the 
impurity concentration and the related parameter Z elf· The values of these parameters and the 
effective cross sections, used to determine the impurity concentrations, are checked. This is 
done by comparing the effective ion charge, calculated from the impurity concentration, with 
the effective ion charge from the bremsstrahlung. In addition, the neutra! beam densities from 
the attenuation code are compared with the neutra! beam densities following out of the 
measurements. The effective ion charge determined from an energy and density scan with 
both diagnostics and with the bremsstrahlung is consistent. However, the neutra! beam 
densities measured and calculated from the attenuation code differ by a factor of about 1.5-
1.8. This factor is independent of the beam energy and the plasma density. Although no 
conclusive explanation could be found for this factor, a possible explanation might be that the 
width and the power of the injected beam differ from earlier testbed measurements, which 
were used as input in the attenuation code. Nevertheless, it is proven in this report that the 
determination of the impurity density with a combination of the two diagnostics is possible 
and accurate. 
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1. lntroduction 

In this chapter first a short introduction of my traineeship at IPP Jülich will be given. 
Then something will be said about the purpose of this traineeship and the structure of the 
report will be given. Next, the energy problems of the world of today and the future will 
be discussed and some altemative energy sources will be described. This will be followed 
by the description of nuclear fusion processes and the explanation of how nuclear fusion 
on earth can be realised. In particular the tokamak and the neutra! beam are extendedly 
described. The last part of this chapter discusses some physics questions that still have to 
be solved before a commercial fusion reactor can be built. 

1. 1. Graduation traineeship at TEXTOR 

Nuclear fusion is one of the biggest challenges of the 21 st century for physicists and 
technicians. Because the research fora fusion reactor is so expensive several countries all 
over the world have decided to research fusion together; so institutes all around the world 
have to work together. Another reason for this worldwide co-operation is that nuclear 
fusion is possibly the best altemative for fossil fuels . It uses almost inexhaustible fuels, it 
is safe and it does not pollute the environment. These reasons sounded all very interesting 
and made me decide to do my graduation traineeship in nuclear fusion research. 
Via the FOM institute Rijnhuizen, I could do my traineeship at the TEXTOR tokamak in 
Jülich, Germany. Here Dutch, Belgian and German institutes work together in the TEC 
association. During my traineeship I analysed data that was measured with the Motional 
Stark Effect (MSE) and the Charge Exchange Recombination Spectroscopy (CX) 
diagnostics over the last few years. With this analysis is tried to get an overview of the 
possibilities of these diagnostics at TEXTOR. In particular it is tried to a) develop an in 
situ determination of the observation volume, b) compare different methods for 
determining the poloidal magnetic field and c) establish an accurate method for obtaining 
the impurity density in the TEXTOR tokamak. 

1.2. Scope of this report 

This report is dedicated to the analysis of the H-a spectrum. The spectra! features are 
produced by the motional Stark effect and by charge exchange recombination. In this 
report will be shown that MSE and CX are appropriate techniques to evaluate the local 
beam density, the local magnetic field configuration and the impurity density. 
Furthermore, it will be shown that it is important to further develop the MSE and CX 
diagnostics at the TEXTOR tokamak. With some improvements, the plasma parameters 
mentioned above can be determined with more accuracy. In addition, the number of 
plasma parameters, which can be measured, is increased. The most important parameter, 
which can be measured with these improvements, is the radial electric field. This 
parameter can contribute to the understanding of the turbulence in a plasma and this may 
lead to better methods to confine the plasma. 
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The structure of this report is as follows : 

• The rest of this chapter will introduce the energy problems that human kind will face 
in the near future and the best altematives for the use of fossil fuels. Next, will be 
discussed nuclear fusion and the ways to achieve nuclear fusion . In the final part of 
this chapter, a few problems that have to be solved to create an efficient fusion reactor 
will be discussed. 

• In ehapter 2, the theory of the MSE and ex diagnostics will be discussed. Also is 
described in this chapter why the diagnostics are so important for fusion research and 
which parameters can be measured with these diagnostics. 

• In ehapter 3, first the development of the experimental setup of both diagnostics is 
described. Subsequently, the programs, which are used to derive the plasma 
parameters out of the measured spectra, are discussed. Finally, other diagnostics to 
determine some plasma parameters, which can be measured with the TEXTOR MSE 
and ex diagnostics, will be discussed. 

• In chapter 4 the results of the analysis of the data measured with the MSE and ex 
diagnostics will be given . Measurements of parameters like the poloidal magnetic 
field, the impurity density and the neutra! beam density will be shown. 

• ehapter 5 will give a short overview of the results of the measurements. Further, will 
be discussed how the diagnostics can be improved so the parameters, which are 
measured with the diagnostics, will have a higher accuracy than they had before the 
improvements. 

1.3. Energy problems 

Most of mankind's energy is produced by buming fossil fuels. These fossil fuels are oil, 
coal and gas . Two main problems exist with these fuels: they are not inexhaustible and by 
buming them the environment gets polluted. Both problems will be discussed in this 
section. 
Table 1.1 [1] shows the proved recoverable reserve per fossil fuel and the number of 
years that energy can be produced with each different fuel at the rate we are currently 
consurning energy. 

Table 1.1: Years of use of different fuels at the current rate of consumption. 
" 

Fuel Proved recoverable reserves Y ears of use at current rate 
eoal 100 1010 tons 270 

erude oil 950 1 o'J barrels 40-50 
Natural gas 120 10 12 m3 60-70 

2 



The numbers in the table are based on the current energy consumption rate, but this rate 
will most probably increase in the future. Because the world population will increase and 
the energy demand per person is expected to increase also. The height of the increase of 
this rate can also be influenced by the way energy is used. lf a more efficient use of 
energy is made in the future, the consumption rate will not raise proportional to the 
increase of the population and the energy demand. 
The depletion of the fossil fuels has a couple of economical consequences. Probably will 
the energy shortage lead to an energy crisis, which will lead to a raise of the energy prices 
that will reach astronomical heights. Further, raw materials, which are essential for our 
chemica! and pharmaceutical industry, are bumed for energy production. 
Besides the economical problems of the future due to the depletion of the fossil fuels, 
there are the ecological problems of today and these will only increase in the future if 
mankind will go on buming fossil fuels. By buming fossil fuels carbon dioxide C02 is 
produced. This is one of the main greenhouse gasses, which may cause a dramatic change 
to the environment, as we know it. A higher concentration of the greenhouse gasses will 
lead to an increased absorption of the infrared radiation re-emitted by the earth. This may 
eventually cause a rise of the average global temperature. In figure 1.1 [1] is the 
atmospheric C02 concentration plotted during the Jast 1000 years. As is seen in this 
figure the concentration of C02 is growing exponentially since the industrial revolution 
(about 1800). 
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Figure 1: Evolution of the C02 concentration in the atmosphere. 
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lt is still the question if the environment can recover from this increase of C02 and what 
the consequences for future generations will be. Nevertheless, one thing is clear: 
humanity has to search for altemative energy sources to avoid an ecological experiment. 
Possible altemative energy sources will be discussed in the next section. 
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1.4. Alternative energy sources 

Nowadays there are three different alternatives for energy production by fossil fuels. 
These alternatives area) renewables, b) nuclear fission and c) nuclear fusion. From these 
alternatives, only nuclear fission is at present mature enough to replace the fossil fuels . In 
this paragraph the renewables and the nuclear fission will be discussed. Nuclear fusion 
will be discussed in the next paragraph. 

a) renewables 

With renewables are meant energy sources, which are inexhaustible, like solar energy and 
wind energy, but also biogas and biomass. The problems with these energy sources are 
that the energy density is low and fluctuations in time of the energy production may 
occur. This means that storage for the energy is needed. This reduces the efficiency and 
leads to extra costs. Another disadvantage is the large spaces these renewables still need, 
because of the low efficiency. This efficiency can still be increased by research, but it 
will not be enough to replace the entire energy production by fossil fuels . However, it 
will be an additional source for alternative energy production, which is not radioactive or 
polluting at all. 

b) nuclear fission 

Nuclear fission already exists on a large scale and it uses uranium as fuel. This uranium is 
split into highly radioactive materials, which can not be used for energy production. So 
nuclear fission produces instead of greenhouse gasses highly radioactive waste. At 
present, this waste has to be stored in salt mines for thousands of years, because no 
technology exists yet which can convert the highly radioactive waste into less harmful 
materials. However, research is done in this area. Because of this waste, a persistent 
resistance against nuclear fission exists in many countries. Many people fear nuclear 
fission because of the waste it produces and the possibility of another nuclear meltdown 
like in Tsjernobyl. As can be concluded from this text nuclear fission is a good alternative 
conceming the reduction of greenhouse gasses, but it is unacceptable in the opinion of the 
society, because of the highly radioactive waste. 

1.5. Nuclear fusion 

Commercial nuclear fusion reactors do not exist yet, but fusion holds the promise of 
being a safe, inexhaustible and rather clean energy production method. As a result of the 
fusion between two light nuclei a heavier nucleus is formed and energy comes free during 
this process. The energy sterns from the mass difference between the two light nuclei and 
the heavier nucleus. This energy can partly be used to heat the plasma and it can partly be 
converted into electricity. All the nuclei lighter than 57Fe, can produce energy by fusion 
processes. On earth however, only the following reactions are of interest for controlled 
fusion [2]: 
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D + D ---7 T(l.OlMeV) + p(3.03MeV) 

D + D---7 3 He(0.82MeV) + n(2.45MeV) 

D + T---7 4He(3.52MeV) + n(14.06MeV) 

D+ 3 He---7 4 He(3.67 Me V) + p(l 4.67 Me V) 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

As is seen from the equations above the energy that can be produced with a fusion 
reaction is in the order of Mev ' s. This is 106 times more than a chemica} reaction that 
produces energy in the order of e V' s. 
To determine the reaction, which is easiest accessible, one has to look at the effective 
cross sections of the reactions. The effective cross sections of the reactions as a function 
of energy are given in figure 1.2 [3]. 
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Figure 1.2: Cross sections of fusion reactions plotted against the energy. 

From figure 1.2, it follows that the D-T reaction is the most effective at the 'lowest 
temperatures ' . These temperatures are still a few hundred million Kelvin. They have to 
be this high because the charged nuclei need to overcome the Coulomb interaction. 
Luckily, they do not have to overcome the entire Coulomb harrier, which is about 200 
keV. This is because of tunnelling that makes it possible that reactions can occur at much 
lower energies. Further, the energy must not be toa high while then the nuclei do not get 
enough time to interact. This is seen at the descending slope after the maximum of the 
effective cross section. 
The plasma in which the charged nuclei have to fuse is only effective if it produces more 
energy than the energy that is initially put in. Energy has to be initially put in to reach the 
high temperatures needed for fusion reactions. The criterion that decides if a fusion 
reactor is producing net energy is the Lawson criterion [4]: 

(1.5) 
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where ni is the ion density, Ti is the ion temperature and TE is the energy confinement 
time. This energy confinement time is a measure for the effectiveness with which the 
plasma is held at the required temperature. The energy to keep the plasma at temperature 
is partly provided by the fusion product 4He of the D-T reaction in the envisaged reactor 
concept. The helium will give almost all of its 3.52 MeV of energy to the plasma before it 
will be taken out of the plasma. 
At this moment, the only known effective fusion reactors are stars. Here the plasma is 
confined by the stars gravity. This is no option on earth, so different ways of confinement 
had to be explored. Presently two options are explored: inertial confinement and 
magnetic confinement. 
Inertial confinement makes use of pellets of a few millimetres existing of solid D and T, 
which are compressed by short pulses. These pulses can be produced with lasers, light ion 
beams or heavy ion beams. Due to these pulses the pellet is compressed and heated to a 
super dense plasma. In this super dense plasma, the D and T nuclei can fuse to 4He. The 
energy that comes free of this fusion process is transported to the wall, where it can be 
transformed into electricity in a conventional way. Inertial confinement is not as 
advanced as magnetic confinement. Still lots of problems need to be solved, but it is a 
serious candidate to achieve nuclear fusion . 
Magnetic confinement makes use of a toroidal plasma confinement device in which the 
plasma is held together by toroidal and poloidal magnetic fields. There are three main 
options for magnetic confinement: the reversed field pinch, the tokamak and the 
stellarator. Of these three devices, the tokamak is the most advanced. 
Following some differences between the three different devices will be given. The 
stellarator and the tokamak have a large toroidal field and a small poloidal field. The 
reversed field pinch has a poloidal and toroidal magnetic field of equal size. This has the 
advantage that the machines are more compact, the plasma confinement is provided by 
the plasma itself and the heat dissipation of the plasma might be sufficient to ignite the 
plasma. In the stellarator the magnetic fields are entirely produced by extemal magnetic 
coils and not like in the other two by a plasma current. This means that no disruptions due 
to the plasma current can occur, but it also means that the stellarator has a more complex 
mechanical structure than the other two. The main advantage of the stellarator over the 
other two devices is that it is possible to operate a stellarator in steady state, since it has 
no need for an inductive plasma current. 
Although nuclear fusion is not an efficient energy source yet, it promises to be the best 
altemative for fossil fuels. It does not produce any greenhouse gasses and it does not 
produce any radioactive waste that has to be put away for thousands of years. The only 
radioactive material is the reactor material itself that is bombarded by neutrons, but with 
some research, the radioactivity of this material can be reduced to less than 100 years. 
Further, abundant supplies of non-radioactive and cheap fuels, like D and Li, where T is 
bred from, are present. The only radioactive fuel is T and of this T is only a little bit 
present in the reactor during operation. Further, T has a biologica} half-life of only 10 
days, which is much less than uranium. Finally, no neutron multiplication, which can 
cause a chain reaction in fission reactors, is possible. So an accident like Tsjemobyl is 
excluded by nuclear fusion. 
The experiments described in this report are done at TEXTOR. Since TEXTOR is a 
tokamak, this magnetic confinement device will be discussed in more extent. 
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1.6. The tokamak 

In figure 1.3 is a schematic view of a tokamak given. 

magnetic 
transformer 
co re 

toroidal 
f ield 
coil 

resu ltant 
helical 

vacuum vessel 

transformer 

toroidal magnetic 
f ield 

field plasma current 
Figure 1.3: Schematic view of a tokamak. 

As is seen in figure 1.3 the tokamak is a toroidal plasma confinement device. The plasma 
is confined toroidally by external magnets , which produce the toroidal magnetic field. In 
the figure such toroidal field coils are shown. The plasma current produces the poloidal 
magnetic field, which is about one tenth of the toroidal field. This poloidal field is 
generated by inducing a plasma current with a transformer. Due to the combination of the 
toroidal and poloidal field the field lines become helical. Therefore, the ions and 
electrons do not drift outward as they would do when there were only toroidal field lines. 
Further some positioning coils are installed toroidally to the vessel. These are used to 
displace the discharge in the vessel. The vessel in which the plasma is contained is a 
vacuum vessel. The vessel has to be vacuum so the temperature needed for fusion 
processes can be reached and the plasma is not contaminated with other ions beside the 
fuel ions. The part of the wall of the vessel in TEXTOR, which interacts with the plasma 
surface, is made almost completely of carbon. This is done because the plasma can 
internet with the wal!. During these interactions, some wall atoms can get into the plasma. 
It is favourable if these atoms have a low ion charge, Z, like carbon, see paragraph 2.2.1. 
Future tokamak reactors will have an additional lithium blanket that if it is bombarded by 
the neutrons, which are produced in the fusion process, will produce the tritium that is 
needed for fuelling the plasma. This blanket exists of 6Li . Every lithium atom that reacts 
with a neutron produces one tritium atom [1] : 

6 Li + n-7 
4 He(2 .05MeV) + T(2 .73MeV) (1.6) 
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Beside the tokamak itself there are also needed some devices to heat the plasma and to 
inject particles into the plasma. These devices will be discussed in the next section. 

1. 7. Heating and fuelling the plasma 

To heat the plasma one can use Ohmic dissipation, ion or electron cyclotron heating or 
neutra! beam injection. The first two will be discussed here briefly. Neutral beam 
injection, which is used as a diagnostic beam during the measurements described in this 
report, will be discussed in more extent in the next paragraph. 

a) Ohmic dissipation 

A plasma has some small but finite resistance, which will lead to a Ohmic dissipation of 
the plasma current. The dissipation is inversely proportional to the size of the tokamak. 
How larger the tokamak how smaller the dissipation. This is caused by the fact that larger 
tokamaks have a better plasma confinement and so reach higher plasma temperatures, 
which decrease the resistance. With Ohmic dissipation the temperature that can be 
reached is not high enough for an efficient tokamak so there has to be installed some 
additional heating. 

b) Ion and Electron Cyclotron Heating (ICRH and ECRH) 

By this method the plasma is heated by EM waves, which have a frequency that can be 
absorbed resonantly by the plasma. The frequency with which can be heated is given by 
[3]: 

neB 
J i,e = 

2 
' 

nmi,e 
(1 .7) 

where n is the number of the harmonie, e is the electron charge, m i,e, is the ion or electron 
mass and B is the magnetic field. This magnetic field is inversely proportional to the 
major radius of the tokamak so this means that the choice of the frequency determines the 
position where the plasma is heated. The difference between ECRH and ICRH is that 
ECRH works with frequencies of about 100 GHz and ICRH works with frequencies of 
about 30 MHz, so the spatial resolution of ECRH is larger, because of the smaller 
wavelength. This difference in frequency is caused by the mass difference between 
electrons and ions. 

To inject the plasma with fuel particles one can make use of pellet injection, gaspuffing 
or neutra! beam injection. The first two will be discussed here briefly. Neutra! beam 
injection, which is used as a diagnostic beam during the measurements described in this 
report, will be discussed in more extent in the next paragraph. 
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a) Gaspuffing 

This method is very simple. At the plasma edge, gas is injected. This leads to an increase 
of the plasma density. By yet unexplained transport mechanisms, the density profile of 
the gas gets peaked. This means that the density of the gas in the plasma centre is higher 
than at the edge where the gas is injected. 

b) Pellet injection 

By pellet injection, pellets existing of frezen hydrogen are shot into the plasma. These 
pellets will evaporate in the plasma. The rate of evaporation is dependent on the electron 
temperature of the plasma, so one has to choose the right velocity for the pellets to make 
sure they will evaporate in the plasma centre. 

1.8. Neutra/ beam injection (NB/) 

The neutral beam injector setup is shown in figure 1.4. 

Bending magnet 

Neutralisation cel 
Drift Pipe 

Ion Source 

Figure 1.4: Schematic view of the neutral beam injector setup. 

The neutral beam injector exists of an ion source, an accelerator, a neutralisation cell, a 
bending magnet, an ion dump and a drift pipe. The ion source is a discharge, which 
ionises a gas. The composition of this gas will determine the composition of the neutral 
beam. In TEXTOR the gas that is used is either hydrogen, deuterium or helium gas. After 
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the gas is ionised, the ions will be accelerated to a certain velocity. This velocity depends 
on the mass of the ions, the length of the accelerator and the potential over the 
accelerator. Next, the ions are neutralised in the neutralisation cell. This neutralisation is 
needed since ions can not be shot in a plasma because of their charge. The neutralisation 
cell is a tank, filled with hydrogen, where the accelerated ions are neutralised by charge 
exchange. They conserve their velocity and direction during this process. lf hydrogen 
beam ions are neutralised then the following reactions can occur [5]: 

H :eam + H cell --7 H ! am + H :elt 

H ;,beam + Heelt --7 2H !~~ + H :elt 

H;beam +Heelt --7 3H!~~ + H;.lt 

(1.8) 

(1.9) 

(1.10) 

As is seen from the reactions above hydrogen neutrals with three different energies: full, 
half and third energy will be produced. These different energies mean that the neutral 
hydrogen atoms, produced in the neutralisation cell, have different speeds, since: 

(1.11) 

After passing through the neutralisation cell some ions are left in the beam. These ions 
did not charge exchange with the hydrogen atoms in the cell. With the bending magnet 
these ions are filtered out of the beam and will be dumped on a large metal plate, the ion 
dump. The neutrals , which are not electrically charged, will not be diverted by the 
magnetic field, because they do not experience a Lorentz force. 
Finally, the neutral atoms will reach the plasma through the drift pipe. To prevent re
ionisation there must be a vacuum in the drift pipe. 

Neutral beam injection is as mentioned in section 1.6 used for fuelling and heating the 
plasma. This is done by two processes: collisions and charge exchange. The injected 
neutrals of the beam exchange electrons with the plasma ions. This way new high energy 
plasma ions are created. These hot ions will share their energy partly with the plasma ions 
and partly with the plasma electrons. The fraction of energy the ions and the electrons get 
depends on the energy of the hot ion. The higher its energy the larger the fraction of 
energy the electrons get. The efficiency of the energy transfer from ion to ion is higher 
than that from ion to electron, because of the mass difference. 
Besides fuelling and heating the plasma neutral beam injection can also be used for 
current drive and as a diagnostic beam. The current drive can be important for fusion 
reactors, because the inductively driven current is lirnited in time. For tokamak research 
the parameters one can deterrnine from the neutral beam, used as a diagnostic beam, are 
important. For the Motional Stark Effect and Charge Exchange measurements use is 
made of the neutral beam as a diagnostic beam. In chapter 2, will be discussed extendedly 
which plasma parameters and how these plasma parameters can be measured with these 
diagnostics. 
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1.9. Research items 

Yet, no working fusion reactors exist, because of some problems. These problems first 
have to be solved before a commercial reactor can be built. This is a scientific and 
technological challenge. Some of the problems that have to be faced are: 

• How can the energy transport in a tokamak be reduced? 
Energy confinement is very important in a tokamak. With this energy, the plasma is 
kept at the temperature needed for the fusion processes to occur. Therefore, the 
energy transport out of the tokamak has to be as small as possible. As can be 
concluded from this it is very important to understand the relation between the 
transport and plasma parameters that influence this transport. Now it is thought that 
the magnetic field line structure is crucial for the confinement of the plasma. This 
magnetic field is related to the current density and the safety factor. This safety factor, 
q, deterrnines the heli city of the magnetic field. It is expected that rational values of q, 
where field lines close onto itself after a certain number of toroidal and poloidal 
revolutions, are special. Here instabilities, islands or transport harriers may develop. 
In section 2.1.1 , the relation between the transport harriers and the safety factor is 
discussed more extendedly. 

• How do particles behave in a tokamak? 
Here goes the same story as for the energy transport. Except for the part that all has to 
be confined. One likes to have minimal energy losses but some particles have to be 
transported out of the plasma. One of these particles is helium ash. After it has given 
its energy to the plasma, to heat the plasma, it is of no use for the fusion reactions, so 
it has to be taken out of the reactor. Other impurities, which make no contribution to 
the fusion reactions, also have to be extracted out of the plasma. In section 2.2.1 is 
written more about impurities. 

The problems described above may be solved with the help of the MSE and ex 
diagnostics . At the TEXTOR tokamak, both diagnostics are installed. Here one measures 
in contrast to other tokamaks the entire MSE spectrum. From this spectrum, one can get 
information about the magnetic field, the electric field, the current density and the safety 
factor. Further, one can determine the impurity density with a combination of the MSE 
and ex diagnostics. For these measurements, no absolute calibration is needed. It is 
enough to calibrate the two diagnostics relative to each other. This is a giant advantage, 
because absolute calibrations in a tokamak are very hard to perform. In chapter 2, the 
theory of the MSE and the ex diagnostic is discussed extendedly. Here is also discussed 
which plasma parameters one can measure with these diagnostics. 
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2. Theory 

In this chapter, the theory of the MSE and ex measurements will be discussed. This will 
be done in three different sections. In the first section, the MSE theory will be described. 
In the second section, the ex theory will be described and in the last section, the theory 
of a combination of ex and MSE will be discussed. 

2. 1. MSE theory 

Before the theory of the MSE diagnostic will be explained I first want to emphasise why 
it is such an important diagnostic in tokamak research. 

2.1.1. Why MSE? 

The economie attractiveness of a tokamak depends on the minimisation of the energy 
losses in a plasma that is as compact as possible. Expected is that the energy in the 
tokamak is carried away by electrons through perturbation of the magnetic field. This 
field is not only induced by the magnetic coils but also by the plasma current. This 
plasma current is most sensitive to perturbations in very specific locations in the plasma. 
In former experiments [ 6] it was found that the outward energy flow encountered very 
localised transport harriers, the so-called Internal Transport Barriers (ITB's). These ITB's 
are steep local slopes in the plasma temperature distribution, see figure 2.1. 
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Figure 2.1: Intemal transport harriers measured at a) RTP and b) TEXTOR. 

From the experiments, it was found that the location and the properties of the ITB' s 
depend strongly on the current distribution in the plasma. lt is now suspected that ITB' s 
occur at rational values of the safety factor q. This means low values of the heat 
conductivity in narrow regions near these rational q values. These suspicions stem from a 
successful model that has been developed at the RTP tokamak at Rijnhuizen. This 'q-
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comb model' describes heat transport and the current redistribution due to temperature 
changes in the plasma. The model assumes that ITB' s have a fixed width, but it does not 
place these ITB's at fixed radial positions. Instead, the magnetic topology (the current 
distribution) determines if and where the harriers exist in the plasma. This model works 
fine for the measurements at RTP, but if it predicts all the plasma conditions at other 
tokamaks still has to be checked. At TEXTOR the model seems to work fine for shots 
with a conventional current distribution. It still has to be checked for shots with a 
negative centra! shear (NCS). By these shots, the current profile is so formed that the 
current density has its maximum away from the centre. Instead of a conventional 
distribution, where the electric current is maxima! at the centre of the plasma and 
monotonically descending towards the edge. These negative centra! shear shots may help 
to optimise the tokamak plasmas by enlarging the harrier width. 

Some other features that look like they are related to rational q values are: coherent 
structures such as islands, turbulence, which is the dominant energy transport mechanism 
in a tokamak, and sawteeth. Most of these features decrease the efficiency of a tokamak 
plasma and should be prevented from occurring. Methods, which may help to prevent 
these features from occurring, are developed. Some of these methods are: localised 
heating of the plasma with ECRH, local current drive, tayloring of the electric current 
distribution, introducing radiating plasma constituents, controlling plasma rotation and 
perturbing the magnetic field. 

As shown above it is very important to know how the current density of tokamak plasmas 
look like. So the relation between the heat conductivity and q could well be exploited to 
create more scenarios with optimised q profiles, like wide transport harriers in regions of 
low or inverse shear. Unfortunately is the current density a plasma parameter, which is 
very hard to measure. Instead of measuring the current density directly, one could 
measure the magnetic topology inside the plasma from which the current density and the 
q profile can be derived. At TEXTOR, only two diagnostics are present to measure the 
magnetic topology. These diagnostics are the polarimeter, which will be described in 
chapter 3, and the MSE diagnostic. 

2. 1.2. The Motional Stark Effect 

Hydrogen or deuterium atoms that are injected in a tokamak plasma, with NBI, are 
subjected to an electric field that is gi ven by: 

-t -t -t -t -t -t 

E=EL+ER = vxB+ER, (2.1) 

where EL is the Lorentz electric field and ER is the radial electric field. The neutra! beam 
atoms experience a large Lorentz field because they are first accelerated to an energy of 
about 50 ke V and then they are injected in to the tokamak magnetic field of about 2T. The 
radial electric field the atoms experience is much smaller, about 1 % of the Lorentz 
electric field. Since it is this small it will be neglected in most of this report. However, the 
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radial electric field plays an important role in the suppression of turbulence. Therefore, in 
section 2.1.5 a possibility of how this parameter can be measured is described. 
The atomie levels of the hydrogen or deuterium atoms, which are injected in the plasma, 
split due to the electric fields that are experienced in the tokamak. This splitring, called 
the motional Stark effect, is linear for hydrogen isotopes. Beside the motional Stark 
effect, the atoms also experience some influence of the Zeeman effect due to the 
magnetic fields . This Zeeman effect can disturb the Stark multiplet in intensity, 
polarisation and position. However, is this Zeeman effect very small compared to the 
Stark splitring at the TEXTOR tokamak, so it will be neglected in the rest of this report. 
In this case, the atoms thus only experience the Stark effect. 
The atoms, which are injected in the plasma, can collide with impurity ions, plasma 
deuterons and to a lesser extend with electrons in the plasma. These collisions can cause 
the atoms to ionise, get excited or to exchange an electron with an ion. This last process 
will be discussed in the ex part of this chapter. 
The MSE diagnostic will only look at the atoms, which are excited during the collisions. 
The reactions that excite the hydro gen atoms of the neutra] beam are given below [7]: 

Deuterons: H2eam + D ;1asma ~ H2:am + D ; 1asma 

Im · · o z+ O* z+ punty 10ns: H beam + Z plasma ~ H beam + z plasma (2.2) 

Electrons: 0 - O* -
H beam + e plasma ~ H beam + e plasma· 

After the atoms are excited, they can decay in different ways. The MSE diagnostic looks 
only at the Balmer-a emission (around the 656nm): 

Balmer-a: O* O* 
H beam(n = 3) ~ H beam (n = 2) + hv . (2.3) 

The Lorentz electric field perturbation causes the Ha line to split in 15 Stark components 
of which 9 are usually strong enough to be observed. These 9 lines are the 9 possible 
transitions given by the selection rules that have an intensity that is large enough to be 
detected with the MSE diagnostic. Because the Stark components are polarised either 
parallel or perpendicular to the electric field, the emitred light is also polarised. Viewed 
transverse to the electric field, the Llm = ±1 transition or re component is linearly polarised 
parallel to the electric field. Similarly the Llm = 0 transition or a component is linearly 
polarised perpendicular to the electric field. Of the 9 lines the 3 central ones are coming 
from the perpendicular components of the Stark splitring and the other 6 outer lines are 
coming from the parallel components of the Stark splitting, see figure 2.2. 
The LlE that is shown in this figure is related to the spectral distance between adjacent 
Stark peaks LlÀs. This relation is given by: 

he 
f"..E=hl1v=- . 

M s 
(2.4) 

The Stark splitring can be derived from the MSE spectrum, which will be discussed next. 
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Figure 2.2: Energy term diagram of Ha transition and identification of the individual 
lines in a strong electric field. 

2. 1.3. The MSE spectrum 

The MSE diagnostic records the entire Balmer-a spectrum. This means the active and 
passive H and D lines at 656 nm and the beam emission given by the Doppler shifted 
peaks of the polarised light produced by the transitions of the n and a components of the 
Stark splitting, see figure 2.3. From the MSE spectrum the Doppler shift, the intensity 
distribution, the Stark splitting and the bremsstrahlung can be determined. The relation 
between these parameters and the MSE spectrum will be discussed in this section. 

In the figure 2.3 three different peaks that are Doppler shifted with respect to the passive 
hydrogen line are shown. These three peaks stem from the three different energies (E, E/2 
and E/3) of the neutra! hydrogen atoms in the neutral beam. They have different 
velocities and so they have a different Doppler shift that is given by: 

Àd v 
-=-cosQ, 
À0 c 

(2.5) 

where Àd is the Doppler shift, Ào is the wavelength of the passive hydrogen line (656 nm), 
v is the velocity of the atom, c is the speed of light and .Q is the angle between the neutral 
beam and the line of sight. 
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Figure 2.3: The MSE spectrum measured with the MSE diagnostic at TEXTOR. 

Further are these three peaks a superposition of the transition intensities of the different 
Stark components, which were shown in figure 2.2. The intensities of the different Stark 
components are related to the angle e between the line of sight and the electric field. The 
angular intensity distribution of the n polarised light (L1m = 0) is gi ven by [7] : 

(2.6) 

The angular intensity distribution of 3 lines of the cr polarised light (L1m = ±1) is given by 
[7]: 

2 
Ia (8) = I o 1 +cos e 

2 
(2.7) 

These intensities can be used to determine the magnetic pitch angle as will be shown in 
section 2.1.5. 

From the MSE spectrum one can also determine the Stark splitting, which was already 
mentioned in equation 2.4. This Stark splitting is also related to the electric field, the 
poloidal magnetic field Bp, the toroidal magnetic field BT and to the angle between the 
neutra! beam and the magnetic toroidal field a [7]: 
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LÎA = = vxB = B sm a+B 1 3a0 eÀ~E 3a0 eÀ~ 1--) --)1 3a0 eÀ~v ~ 2 . 2 2 

s 2hc 2hc 2hc T P ' 
(2.8) 

where ao is the Bohr radius, e is the electron charge, Ào is the wavelength of deuterium or 
hydrogen and h is Planck's constant. 
The bremsstrahlung can be determined from the background of the MSE spectrum. With 
this bremsstrahlung, the effective ion charge, Zelf• can be determined. This will be 
discussed in section 2.2.4. 

2. 1.4. Angles 

To get a clear image of the different viewing lines and angles used for the MSE 
diagnostic a detailed description of them will be given in this paragraph. Figure 2.4 gives 
a schematic view of the equatorial plane of the TEXTOR tokamak. 

Outer wall 

Figure 2.5: Schematic view of the equatorial plane of the TEXTOR tokamak. 

In the figure are shown the line of sight (Z.o.s.), the direction of the toroidal magnetic 
field (B1) and the distance (R) from the centre of the tokamak ( 0) to the intersection point 
of the line of sight with the neutral beam. The angles that belong to this situation are 
shown in figure 2.5. 
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NBl=l~ L.o.s . = si~QJ 

Camera 
Figure 2.5: Situation of the angles used for the MSE diagnostic magnified. 

The angle between the line of sight and the neutra} beam is called .Q and the angle 
between the toroidal field and the neutral beam is called a. These two angles we 
encountered already in the previous section. As was mentioned in that section these 
angles follow out of the spectrum. When the angles are known one can determine the 
direction and strength of the Lorentz electric field. The easiest way to do this is by 
defining a co-ordinate system where the neutra} beam lies parallel to the x-axis. Then the 
direction of the velocity, the direction of the magnetic field and the direction of the line 
of sight are gi ven by: 

[
lJ [cosa] [cosQJ 

V = v, ~ , IM, :::~ and l.o.s. = si~Q J (2.9) 

where vb is the beam velocity and tany is the magnetic pitch angle, defined as the ratio 
between the poloidal and the toroidal magnetic fields: 

B 
tany =-P. 

BI 
(2.10) 

With the vectors given above, the direction and the magnitude of the electric Lorentz 
field are given by: 
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(2.11) 

Equation 2.11 shows that the electric field in this co-ordinate system is only in the y and z 
direction. To determine the angle between the z-axis and the Lorentz electric field, this 
field has to be projected on the x-y plane, see figure 2.6. 

x 

L.o.s 

...... /························'/ 

y 

L.o.sperp. 
Figure 2.6: Projection of the Lorentz electric field on the x-y plane. 

In the figure above is also the line perpendicular to the line of sight shown. This l.o.s"perp 
is given by: 

[
-sinQ] 

l.o.s.,perp = co~Q . (2.12) 

The projection of the y-component of the electric Lorentz field on the perpendicular of 
the line of sight Ey,p is defined as: 

E y, p = tan y.cos.Q. (2.13) 

Now the projected y-component of the E-field is known one can calculate the angle 
between the z-axis and the electric field. In figure 2.7 is given an illustration of this 
situation. 
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L. o.s. 
Figure 2. 7: Directions and angles between the different electric field components. 

In this figure is looked in the direction of the line of sight. The angle between the Lorentz 
electric field and the z-axis is also included in this figure. This angle is called the 
polarisation angle Yp· It is defined as: 

Ey.p tan y.cosQ 
tany =--=----

P E sina z 

(2.14) 

The polarisation angle is defined as the angle between the z-axis and the projection of the 
electric field on the plane. The polarisation angle can be determined from measurements 
of the MSE spectrum as will be discussed in section 2.1.5. In figure 2.8, the parallel and 
the perpendicular to the Lorentz electric field and the polarisation angle are shown. 

y 
Figure 2.8: The parallel and the perpendicular to the Lorentz electric field. 
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2. 1.5. What can be measured? 

The information that can be determined with the MSE diagnostic is given in table 2.1. In 
this table are also the measured parameters shown from which this information can be 
calculated. 

Table 2.1: The information that can be determined with the MSE diagnostic. 
Diagnostic information Principal measurement 

a) Location of the observation volume Doppler shift and Stark splitting 
b) Strength and direction of the magnetic field Intensity ratios of the polarised light 
c) Determination of q andj(r) Position and magnetic field 
d) The radial electric field Polarisation angle and magnetic field 
e) The plasma pressure Poloidal and toroidal magnetic field 

In the rest of this section, the theory of the determination of the plasma parameters will 
be discussed. Although the radial electric field and the plasma pressure are not 
experimentally addressed in this report, still their determination is principally possible 
and outlined here as well. 

a) Location of the observation volume 

The determination of the observation volume can be done by calibration prior to the 
measurements or directly during the measurements. This last possibility is just a 
geometrical question. It is preferred over manual calibration because of mechanica! 
stress, caused by the full operating temperature and the electromagnetic forces during 
plasma discharges, can cause a displacement of the optica! alignment. Por calibration 
during the measurements, one needs the Doppler shift or the Stark splitting. As was 
already mentioned in paragraph 2.1.3 these follow out of the MSE spectrum. Two 
separate methods can be used to determine the position of the observation volume. The 
first method uses the Doppler shift and can be used whenever the neutra! beam is active. 
The second method uses the Stark splitting and can only be used if there is no plasma 
current, which induces a poloidal magnetic field. These two methods will both be 
discussed, starting with the Doppler method. 

From the Doppler shift, which is accurately determined from the measurements, one can 
determine the angle between the line of sight and the neutra! beam: 

Q=arcco -- . 
{

Àd cl 
Ào v 

(2.15) 

With the position and direction of the neutra! beam and the position of the fibre module 
known and the Doppler angle measured, one can determine the position of the 
observation volume from pure geometrical considerations. The angle .Q can be 
determined with a relative error of about 2%. The position of the fibre modules and the 
neutra! beam direction are known within a certain accuracy. In figure 2.9 the major radius 
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R of the tokamak is plotted against the measured Doppler angle for the different fibre 
modules. 
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Figure 2.9: The measured Doppler angle plotted against the major radius. 
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Because there is an unknown uncertainty in the position of the fibre modules three 
different calculations for the position of the observation volume are done. In these 
calculations, the error of the position of the modules is varied. The three different errors 
assumed are 1) the ideal case in which the position is known exactly 2) the position is 
known within 1 cm and 3) the position is known within 2 cm. The calculations are shown 
in figure 2.10. 
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Figure 2.10: The major radius plotted against the relative error for the Doppler method. 
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lt is seen in figure 2.10 that the accuracy of the Doppler method increases with increasing 
major radius. 

The second method uses the Stark splitting, which was already given by equation 2.8. In 
this equation is the poloidal field included, which is an unknown. If there is no plasma 
current, this poloidal field is almost 0. In this case equation 2.8 can be written as: 

3a0eÀÖ . 
~s = v.Br .sm a . 

2hc 
(2.16) 

This formula can be rewritten as: 

(2.17) 

with Re = 1.66 m, which is the minimal distance from the centre of the tokamak to the 
neutral beam, and Care all the constants in formula 2.16. To transform formula 2.16 to 
2.17 use is made of [5]: 

BoRo 
Br =-- , 

R 
(2.18) 

where Bo is the magnetic field at the geometrical centre of the tokamak and Ro = 1.75 m. 
Equation 2.17 shows that the position Ris a function of the Stark splitting and vice versa. 
So for every value of the Stark splitting the position is known, see figure 2.11. 
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Figure 2.11: The measured Stark splitting plotted against the major radius. 

23 

0.55 0.6 



Error calculations can also be done for the position of the observation volume determined 
with this method. The results are shown in figure 2.12. In this figure is also the error 
included, which is obtained from the Doppler method. 
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Figure 2.12: The major radius with the calculated errors for the Doppler and Stark 
method. For the position of the modules, an error of 2 cm is assumed. 

As seen in figure 2.12 the accuracy in a measurement of Ris better for the Stark method 
for R smaller than 2.04 m. and better for the Doppler method for R bigger than 2.04 m. 
The disadvantage of the Stark method is that it can be used only for measurements 
without a plasma current. Because else an extra term has to be included in equation 2.16, 
that contains the poloidal magnetic field. Besides this disadvantage, the Stark method can 
be used to determine the fibre modules position more accurately. 

b) Strength and direction of the magnetic field 

The total magnetic field consists for a part out of the toroidal field and for a part out of 
the poloidal field. The strength and the direction of the magnetic field are given by: 

2 2 --7 --7 --7 
B = BT + B p and B = B T + B p • (2.19) 

The strength of the toroidal field is given by equation 2.18 and the direction is 
perpendicular to the tokamak radius. So almost all about the toroidal field is known. On 
the other hand, there is the poloidal field, which is caused by the current density j. In a 
cylindrical approximation, the poloidal magnetic field on a flux tube is determined by the 
total current in the flux tube [5]: 
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(2.20) 

The way to determine the poloidal field is by measuring the polarisation angle. This is 
done by measuring the intensities of the MSE spectrum. At TEXTOR, two methods are 
used to determine the polarisation angle, which both make use of one or two polarisers. 
These polarisers are necessary because the ratio between the intensity of the a and the n 
polarised light is only dependent on the angle between the line of sight and the electric 
field 8. For measurements without any polariser the intensity ratio is given by [7]: 

1-cos2 e 
(2.21) =----? • 

1 +cos- e 

At TEXTOR is for all these measurements 8 close to 90°, so the ratio is almost 1 for 
every possible polarisation angle. This means that the measurements of the intensity ratio 
are rather insensitive to small changes in the Lorentz field. 

Both methods to determine the poloidal field make use of the polarisation angle YP· This 
angle can be measured with two polarisers under 0 and 90° in respect to the z-axis or with 
only one polariser preferably under 45°. First the method with the two polarisers will be 
discussed and then the method with only one polariser. 

The first method measures two spectra at one position. One spectrum with a polariser 
under 0° with the z-axis, which has a small Ia and a large In intensity. And one spectrum 
with a polariser under 90° with the z-axis, which has a small Ia and a large In intensity, 
see figure 2.13. 
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Figure 2.13: Spectrum measured with a polariser under a) 0 ° and b) 90 ° with the z-a.xis. 

With these two measurements, one can determine the polarisation angle YP· This is the 
angle between the z-axis and the E-field. In figure 2.14 is this polarisation angle showed 
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together with the intensities measured in this case per each spectrum with a different 
polariser. 

y 
Figure 2.14: The parallel and the perpendicular to the Lorentz electric field with the 

polarisation angle. 

The polarisation angle is now determined by [7]: 

(2.22) 

In this equation is ln(S) the intensity of the light, which is polarised parallel to the electric 
field, measured with the polariser, which has an angle of 90° in respect to the z-axis. 
ln(P) is the intensity of the light, which is polarised parallel to the electric field, measured 
with the polariser, which has an angle of 0° in respect to the z-axis. The same goes for the 
intensities of the light polarised perpendicular to the electric field, IJS) and lo{P). 

The second method uses only one polariser, which is turned over an angle aP in respect to 
the y-axis. The situation is shown in figure 2.15. In this case, only one spectrum is 
measured and the intensity ratio is given by: 

(2.23) 

Now the polarisation angle is determined one can determine the poloidal magnetic field. 
This is done with the equations 2.10 and 2.14, which relate the magnetic pitch angle to 
the polarisation angle and the poloidal magnetic field: 

B1 tan y P sina B0 R
0 

tan y P sina 
B = = 

P cosQ RcosQ 
(2.24) 
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Figure 2.15: Schematic view of the way to determine the magnetic pitch angle with only 
one polariser under 45 ° with the z-axis. 

The error in the poloidal field is mainly determined by the error in the polarisation angle. 
This error is determined besides of the statistica} error also by an offset, caused by the 
radial electric field and the Faraday rotation, and by the neutra! beam divergence. 

In figure 2.16, the intensity ratio is plotted against the magnetic pitch angle for two 
different polariser directions (0° and 45° in respect to the z-axis) and for the case where 
no polariser is used. 
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Figure 2.16: The measured intensity ratio plotted against the magnetic pitch angle. 
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As is seen in the figure above the method with just one polariser under 45° has the largest 
slope. This method also has the best ratio between error and slope and so this is the most 
appropriate method to deterrnine the magnetic pitch angle [8]. 

c) determination of q andj(r) 

With the position of the observation volume and the direction and strength of the 
magnetic field known the safety factor q and the current density j(r) can be deterrnined. 
The safety factor q expresses the helicity of the magnetic field. To know the safety factor 
is important because rational values of q, where a field line closes onto itself after a 
certain number of toroidal revolutions, are special. Here instabilities, islands or transport 
harriers may develop, as was already mentioned in section 2.1.1. The safety factor is in a 
cylindrical tokamak approximated by [5]: 

rB
1 

r 1 
q=-=---. 

RBP R tany 
(2.25) 

In this formula R is the distance of the position where is measured to the centre of the 
tokamak, r is the distance from the measured position to the centre of the plasma. The 
centre of the plasma is not necessarily the centre of the tokarnak. This plasma centre is 
shifted some centimetres outward from the centre of the tokamak due to the Shafranov 
shift. This Shafranov shift can be determined out of the poloidal magnetic field profile as 
will be shown in chapter 4. 

Also some empirically deterrnined formulas for the safety factor exist, one of them is 
given by: 

(2.26) 

where a is the minor radius of the tokamak, q0 is the safety factor at the plasma centre 
and qa is the safety factor at the edge of the plasma. q0 and qa are approximated by: 

(2.27) 

with lp the plasma current in kA. These empirically deterrnined formulas could be used to 
compare the safety factor calculated from measurements at TEXTOR with earlier 
measurements of the safety factor at other tokamaks. 

The current density deterrnines the poloidal magnetic field as was seen in equation 2.20. 
From this equation, it is easy to deterrnine the current density if the poloidal field and the 
position of the observation volume are known. 
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d) radial electric field ER 

The electric field consists of two parts: the Lorentz electric field EL and the radial electric 
field ER: 

__, __, __, __, __, __, 
E =EL+ ER = vx B+ ER . (2.28) 

The strength of this electric field can be determined with the Stark splitting, which 
follows out of the MSE spectrum: 

(2.29) 

The contribution of the radial field is less than one percent of the Lorentz field, so for the 
strength of the electric field the influence of the radial field can be neglected. However, 
for the polarisation angle the influence of the radial field can not be neglected. Especially 
in plasmas with substantial pressure gradient or rotation the radial electric field can be 
significant and affect the interpretation of the MSE measurements. This way it affects the 
determination of the poloidal magnetic field out of MSE measurements. If the radial 
electric field can not be neglected it adds an additional term to the equation for the 
polarisation angle [9]: 

tan y .cos Q ER cos(a - Q) 
tan y = + , 

P sina vBT sina 
(2.30) 

where ( a - .Q) is the angle between the line of sight and the toroidal magnetic field. 
Several methods can be used to determine the radial electric field. Here two of these 
methods will be discussed. The first method makes use of different viewing positions, 
where the angles between the line of sight and the toroidal magnetic field are different, 
for instance (a-.Q) is 0° and 90°. These two positions have a different sensitivity to ER. 
The difference between the two measurements and equation 2.30, will allow a separation 
of the magnetic field and the electric field. This method has a moderately good sensitivity 
but a poor spatial resolution. 
The second method determines the polarisation angle of the half and full energy beam 
components. Because of the difference in velocity of the components one can determine 
the radial field out of a set of two equations [5]: 

BT sin a (v1 tan y p i -v21 tan y p2) 

BP c(v1 - v2).cos(a - Q) 
(2.31) 

ER = sina(tanY p1 -tan Yp2) [ J_ __ l l-l 
BT cos(a - Q) v1 v2 

(2.32) 

This method has the advantages that it uses the same sight lines and collection opties and 
that it has a good spatial resolution. The disadvantage is that the uncertainty of the radial 
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electric field is larger compared to the other technique. This is caused by the increased 
beam attenuation of the half energy component and a smaller measured pitch angle 
difference between the full and half energy measurements fora given ER. 

e) plasma pressure 

The pressure profile is fundamental in determining the equilibrium and stability 
properties in a plasma. Nowadays the pressure profile is not measured directly, but it is 
composed out of several measurements and computations. The accumulation of 
uncertainties results in a large uncertainty of the pressure profile. It is possible to measure 
the pressure profile directly with the MSE diagnostic, because the plasma pressure 
influences the Stark shift. 
The magnetic field in a tokamak generates a magnetic pressure, which counteracts the 
plasma pressure and thus confines the plasma. From the equilibrium equations it can be 
derived that fora cylindrical plasma the pressure balance is given by [10]: 

(2.33) 

with p the plasma pressure and µ0 the permittivity of the vacuum. 
A plasma is naturally diamagnetic. In such a diamagnetic plasma the pressure gradient is 
dominating the second term in equation 2.33. This part can be neglected, which means 
that the effect of the poloidal magnetic field on the toroidal magnetic field is considered 
small. This has as consequence that for a centrally peaked pressure profile the toroidal 
magnetic field decreases. Therefore, a diamagnetic plasma has a toroidal magnetic field, 
which is smaller than the extemal toroidal magnetic field. 
However, when the plasma current flows along a line of magnetic force, the poloidal 
component of the current induces an additional toroidal magnetic field. In this case, the 
pressure gradient is considered to be small compared to the second term in equation 2.33 
and is neglected. This is the origin of paramagnetism in the plasma. 
With increasing plasma pressure, diamagnetic currents are generated that reduce the 
toroidal field and hence modify the Stark shift. This modification of the Stark shift can be 
derived out of the MSE spectrum and so the plasma pressure can be measured directly 
with the MSE diagnostic. 

2.2. ex theory 

In this paragraph first will be discussed why ex is such an important diagnostic for 
tokamak research. Next, the theory and the spectrum of ex will be discussed and at the 
end of this paragraph, some parameters, which can be measured with ex, will be given. 

2.2.1 . Why CX? 

In the hot core of a tokamak the low and medium Z atoms are almost all completely 
ionised. Therefore, no line radiation from these elements is emitted in ohmic discharges. 

30 



The only way to get any information about the ions in the plasma centre is by using the 
radiation that comes from charge exchange reactions, when neutral atoms are injected. 
This radiation can be detected with the ex diagnostic and so this diagnostic is the only 
diagnostic, which can determine an ion temperature Ti profile and an ion velocity vi 
profile out of local Ti and vi measurements. These parameters are one of the main plasma 
parameters. Further one can determine in a combination with the MSE setup the local 
impurity concentration and the local effective ion charge. This will be discussed in 
section 2.3. The effective ion charge can also be determined from the bremsstrahlung, 
which can be determined from the background of the ex spectrum. The effective ion 
charge is an important parameter for the quantity of impurities in a plasma. It is important 
for a tokamak plasma to have a low Zeff in the centre of the plasma, because this means 
there are almost no impurities in the plasma centre. So a lot of D and T ions are present, 
which can participate to the fusion process. Por example if there is a concentration of 3% 
of neon (Z = 10) ions in a D plasma, than this means that there is a concentration of D 
ions of only 70%. The fusion power is proportional with the deuterium density squared 
n0

2 this means that only 3% of neon in the plasma centre halves the fusion power. 
Another reason for a low Zeff is that this means that there are low radiation losses. 
Bremsstrahlung, recombination radiation and line radiation of not fully ionised impurities 
increase with increasing Zeff· Especially in the plasma centre, it is important to decrease 
the radiated energy by impurities to attain high plasma temperatures. To keep Zeff low in 
the plasma centre one needs to decrease the number of impurities that diffuse from the 
tokamak wall to the plasma centre. This can be done by choosing suitable wall materials, 
like carbon, beryllium and tungsten or by heating or boronising the tokamak wall. 
Paradoxically, it is found that the plasma confinement can be improved if suitable 
quantities of neon or argon are injected into the plasma edge. This neon or argon when 
partially ionised in the plasma emits much line radiation, which causes energy loss from 
the edge. In this way, the heat load is evenly distributed over the complete first wall. The 
improvement of the confinement is thought to be caused by a reduction of turbulence. 
This confinement mode is called the RI mode at TEXTOR. 
As can be concluded from this introduction ex is a vital diagnostic towards key core 
plasma parameters such as ion temperature and the main low Zion densities. 

2.2.2. Charge exchange 

As was mentioned in section 2.2.1 almost all low Z elements in the plasma centre are 
ionised. These ionised elements do not radiate in ohmic discharges and no line radiation 
can be detected. In this case, the emission is coming only from the plasma edge. This 
emission is caused by impact reactions of not fully ionised particles or passive charge 
exchange reactions with neutrals from the wall. The observed spectrum is a narrow 
spectrum representati ve of the low temperature at the edge. 
lf a neutral beam is switched on, charge exchange reactions between the injected atoms 
and the carbon ions, which come from the tokamak wall , can occur in the plasma. During 
these reactions, the carbon ions receive an electron from the neutrals. After this charge 
exchange, they will be in an excited state and decay under the emission of line radiation. 
The emission from this active charge exchange process, of the fully ionised ions with the 
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neutrals from the beam, can in addition to the emission from the passive charge exchange 
reactions be detected. The charge exchange process is a resonant process. The cross 
sections for this process have a maximum around the 30-60 ke V /amu. The particles 
injected into the plasma with the neutral beam have also energies in this energy regime. 
If argon or neon is injected into the plasma, to get the plasma into the RI mode, this argon 
and neon can also undergo active and passive charge exchange reactions. The emission 
from these injected ions can also be measured with the CX setup. Since the emission 
emitted by these ions is in a different spectra] region, one needs additional spectrometers 
to detect more than one plasma constituent. 
The charge exchange reactions between neutra] hydrogen atoms and fully ionised carbon, 
neon and argon ions are shown in equation 2.34: 

Carbon: Ho + C 6+ ~ H + + C 5+* 
beam plasma beam plasma 

Neon: Ho +N 10+ ~H + +Ne9+* 
beam e plasma beam plasma (2.34) 

Argon: Ho + Arl8+ ~ H + + Arl7+* 
beam plasma beam plasma 

The excited ions can decay to arbitrary lower states. At TEXTOR is only looked at the 
CX spectra of the visible transitions of carbon and neon. These transitions are shown in 
2.35: 

Carbon: 5+* 5+* 
C plasma (n = S) ~ C plasma (n = 7) + hv 

Neon: 9+* 9+* 
Ne plasma (n = 11) ~ Ne plasma (n = 10) + hv (2.35) 

The light, which is emitted by the decays given by formula 2.35 , has a wavelength of 
529.0 nm for the carbon transition and 524.9 nm for the neon transition. These two 
transitions can be measured with the same spectrometer, because they have almost the 
same wavelength. The spectrum seen with the CX diagnostic will be discussed in the next 
part of this paragraph. 

2.2.3 ex spectrum 

From the CX spectrum and its background, several plasma parameters can be determined. 
In this section, the determination of the toroidal velocity, the ion temperature and the 
bremsstrahlung will be discussed. 
In figure 2.17 are two CX spectra shown. One spectrum shows a shot without neon 
injection and the other spectrum shows a shot with neon injection. 
As can be seen in the upper part of this figure, the total intensity of the carbon charge 
exchange exists of an acti ve part, which is caused by the charge exchange processes in 
the plasma centre, and a passive part, which is caused by the charge exchange processes 
at the plasma edge. The active part of the carbon peak is Doppler shifted in respect to the 
529 nm line. This is caused by the toroidal rotation. Therefore, the strength of the 
Doppler shift is a measure for the toroidal velocity. This measurement can be used to 
study the possible relation between the shear of the velocity and the confinement. 
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Figure 2.17: Measured CX spectra with ( above) and without (be low) neon. 

From the width of the active part, one can determine the ion temperature of the individual 
ions in the centre of the plasma. The higher the temperature the broader the line. This 
effect is also caused by the Doppler shift. The ion temperature is one of the most 
important plasma parameters. For example, it gives information about the plasma 
temperature, if it is high enough for fusion reactions to occur, and it can be used to locate 
the ion transport harriers. 
The lower part of the figure shows the additional lines caused by the neon that is puffed 
into the tokamak to achieve the RI mode. As is seen in this figure the neon peak also 
exists of an active and a passive charge exchange part. From these parts, one can also 
determine the toroidal velocity and the ion temperature. 
Another parameter that can be determined from the background of the charge exchange 
spectrum is the bremsstrahlung. This radiation is caused by free electrons, which are 
accelerated by the electric fields of the ions. From the bremsstrahlung, one can determine 
Zeff This will be described in the following section of this paragraph. 
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2.2.4. Determination of Zeff with bremsstrahlung 

The bremsstrahlung observed with the detector is emitted from the entire line of sight. 
This gives one the line averaged Z eff" The relation between the bremsstrahlung and the 
line averaged Zeffis given by [11]: 

lmax 

[Brem(y) =Zelf f E * (x, y)dl' (2.36) 

!min 

where c,* is the emissivity per unit of volume, per sterradiant and per unit of wavelength. 
The emissi vity is gi ven by: 

2-

* = 5 io-54 neg ff {- hv l E . r;;.- ex , 
-..;Te Te 

(2.37) 

with gif the Gaunt factor for the bremsstrahlung averaged over the Maxwellian velocity 
distribution and the electron temperature in electron volts. The Gaunt factor is 
approximated by [11]: 

- Jhvl gif =1-lo' T; . (2.38) 

If the bremsstrahlung is measured with all the lines of sights, which cover the entire 
plasma, it is possible to use the Abel inversion to determine the local Z elf· This way an 
effective ion charge profile can be constructed. 
Equation 2.36 gives the intensity per frequency. To change this into intensity per foton 
one has to multiply the emissivity with l/hÀ. The emissivity can also be used to calibrate 
different cameras with each other. This will be used for the determination of the impurity 
density, which will be described next. 
When the intensity of the bremsstrahlung is measured one knows the intensity in counts. 
To transform it into the absolute radiance one has to divide the number of counts with a 
certain calibration factor that is determined before the measurement. With the absolute 
radiance, one can determine the effective ion charge out of equation 2.36. 
As is seen here one needs the absolute value of the intensity, which follows from a 
calibration. Normally a calibration right before a shot is hard to perform. Therefore, the 
calibration is done only a few times in a year. This has the consequence that the 
calibration factor determined at a certain date, is not the correct calibration factor at the 
date when the shots are performed. This is caused by transmission loss of the viewing 
port during the period between the shot and the calibration. The transmission loss can be 
caused by the deposition of plasma particles on the viewing window or by the 
boronisation of the tokamak. 
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2.3. Combination of MSE and CX diagnostics 

With a combination of the MSE and ex diagnostic one can determine even more plasma 
parameters than one can determine with both diagnostics separately. One of the most 
important parameters that can be determined with a combination of MSE and ex is the 
local impurity concentration . Since both diagnostics look at multiple positions, one can 
even determine an impurity concentration profile. This is very important because this 
way it is possible to monitor the particle transport in a plasma. lf this is understood it 
should be possible to optimise the transport of particular ions in the plasma. Nowadays it 
is still a question how the helium ash can leave the plasma as fast as possible after it has 
given its energy to the plasma and how the fuelling can be made as efficient as possible. 
Further can be monitored how the injected argon and neon ions, which are used for RI 
mode, move through the plasma. As was described in section 2.2.1 it is beneficia} to have 
a low effective ion charge in the plasma centre. This effective ion charge can be deduced 
from the impurity concentrations measured with a combination of the MSE and ex 
diagnostics. How the effective ion charge can be deduced from the impurity density will 
be described in section 2.3.1. 
Further, the local neutra] beam density can be measured. This is important to derive the 
power deposition profiles in plasmas heated with a neutral beam and for calculation of 
the beam-plasma related neutron production. With numerical neutra] beam attenuation 
codes one is realistically only able to calculate the absolute neutral beam density and the 
beam species mix up to a maximum penetration depth, where the initia] injected beam is 
only attenuated by less than one order of magnitude. This is because small errors of a few 
percent in the plasma parameters or in the atomie cross section data cause an 
unacceptable accumulation of errors in the calculated local neutral density in cases of 
strong beam attenuation [7]. Therefore one has to use both attenuation calculations and 
spectroscopie methods in high density plasmas, such as in the next generation of 
tokamaks, to accurate deduce the neutra] beam density. 
The power deposition profile, which is already mentioned above, is important for the 
heating of the plasma. One might want to know where the power is deposited because 
one wants to heat efficiently in the plasma centre. However, due to a process in the 
plasma the heat is not deposited in the plasma centre but somewhere else in the plasma. 
This process is caused by collisions between the beam ions and the plasma ions and 
electrons. Due to these collisions, the beam ion will travel a certain distance in the radial 
direction, before it has transferred all of its kinetic energy to the plasma ions and 
electrons. By studying, this process it would be possible to optimise the heating 
efficiency of a plasma. 
In the next part of this paragraph, the way to determine the plasma parameters, which are 
described above, is explained. To determine some of these parameters one has to make 
use of cross sections. These are discussed in the last section of this paragraph. 
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2.3. 1. Determination of plasma parameters 

In sections 2.1 and 2.2 the theory and the spectra of respectively MSE and CX is 
discussed. In addition, the plasma parameters, which can be determined with just one of 
these diagnostics, are described in these sections. In this section, the derivation of the 
plasma parameters, determined with a combination of the two diagnostics, will be 
discussed. 

a) Determination of the impurity density 

For the determination of the impurity densities, one needs to measure the CX spectra of 
the impurities in which one is interested. Further one needs to measure the MSE 
spectrum. From these spectra the intensity of the active CX peak and the intensities of the 
Stark multiplet peaks need to be determined. The intensity of the active CX peak is given 
by [12]: 

(2.39) 

where ni is the impurity density, nb(Ei) is the neutra] beam density by a certain energy 
and qcx is the effective charge exchange cross section. This cross section is dependent on 
some plasma parameters like the beam energy. Cross sections will be discussed in extent 
in section 2.3.2. The summation in equation 2.39 is over the different energies of the 
beam atoms (full, half and third energy). 
The intensity of each Stark multiplet peak, which is caused by neutra! beam atoms with 
different energies (full , half and third energy), is given by [12]: 

(2.40) 

where l es is the effective cross section for beam emJss10n spectroscopy. This cross 
section is also dependent on the beam energy as will be discussed in section 2.3 .2. When 
the intensity of each Stark peak is measured and the electron density and the cross 
sections are known one can determine the neutra! beam density from equation 2.40: 

(2.41) 

where t1.l is the line of sight in the tokamak. With the neutra! beam density derived one 
can combine the equations 2.39 and 2.41 to derive an equation for the impurity 
concentration, which is the ratio between the impurity density and the electron density: 

(2.42) 
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The beautiful thing about this method is that the determination of the impurity 
concentration does not use an absolute calibration. It only needs a relative calibration 
between the two cameras, which measure the ex and MSE spectrum. This calibration 
can be done with the use of the bremsstrahlung. By this calibration, one needs to remind 
that one is probably looking at different wavelength. Therefore, the intensity of the 
bremsstrahlung measured with the ex diagnostic needs to be translated to the intensity it 
would have at the wavelength of the MSE spectrum. This is done very easily with the 
emissivity. 

b) Determination of Zeff with impurity concentrations 

With the impurity concentrations determined with the method above one is able to 
calculate the effective ion charge. This method can be used beside the method, which 
determines the effective ion charge out of the bremsstrahlung. The effective ion charge is 
determined out of the impurity concentrations by: 

Z e!! = 1+0.3c(C)+0.9c(Ne) + 3.06c(Ar) + ... , (2.43) 

where c(e), c(Ne) and c(Ar) are respectively the concentrations of carbon, neon and 
argon. The effective ion charge determined with this method should be equal or less than 
the effective ion charge determined with the bremsstrahlung, because probably not all the 
impurities in the plasma are measured with the ex diagnostic. 

c) Determination of the neutra[ beam density 

The neutral beam density can be determined with two different methods. The first method 
is a numerical calculation of the beam attenuation and the second method is due to 
measurements. Both methods will be explained in this section. 
The neutra! beam attenuation process is given by [12]: 

(2.44) 

where nb(O) is the neutra} beam density at r = 0 and CJstop is the stopping cross section of 
the attenuation processes, which represents the rate at which atoms are ionised. As is seen 
in the equation a summation over all the products of the impurity concentration and the 
beam stopping cross section is needed. A small uncertainty in the cross section can lead 
to a relative large error in the calculation. This is especially the case in high density 
plasmas, where the enhanced attenuation amplifies uncertainties in the fundamental 
atomie data and so limits the accuracy with which the neutral beam density can be 
determined by calculation. So for these high density plasmas an additional method is 
needed to determine the neutral beam density. 
The second method to determine the neutral beam density makes use of a combination of 
the MSE and ex intensity measurements. The intensities measured with both the 
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diagnostics are proportional with the neutral beam density, see equations 2.39 and 2.40. 
From these intensities the beam density can be derived. In contrast with the determination 
of the impurity density, which makes use of relative measurements of the intensity, one 
uses for the determination of the neutral beam density absolute measurements of the 
intensity. This means that the setup has to be calibrated before every shotserie, which can 
be a problem in a tokamak. 

d) Determination of the power deposition 

The absolute local beam power of the beam components that is injected into the plasma is 
proportional to the neutra! beam density [5]: 

(2.45) 

where vi is the velocity of the injected atom. With equation 2.44, the absolute power at a 
certain position can be determined. In section b of this paragraph, rnethods to determine 
the neutral beam density are given and the velocity, which is proportional to the bearn 
energy, is known. So the absolute local beam power could be deterrrtined. The only 
problem is that for the determination of the absolute power, one needs a calibration to 
determine the neutral bearn density. This calibration is already discussed in section b. 
To prevent such a calibration it is possible to determine the power fractions relative to 
each other. This can be done by: 

(2.46) 

For this determination, one does not need the absolute values of the neutral bearn density. 

2.3.2 Effective cross sections 

In the section 2.3.1, the effective cross sections are already mentioned. They are used to 
determine the irnpurity density and the neutral bearn density. In this section, these 
effective cross sections will be discussed in more extend. 

The effective cross section is given by: 

(2.47) 

where <>is the average over the velocity distribution and CJ is the emission cross section, 
which takes all the possible transitions into account. This emission cross section is 
determined by modelling the population and depopulation of different excited atomie 
levels. The population processes are: 
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• Spontaneous radiative decay from higher levels. 
• Stimulated radiative decay from higher levels . 
• Radiative decay from higher levels, because of collisions with electrons, protons and 

impurity ions. 
• Excitation from lower levels as a result of collisions with electrons, protons and 

impurity ions. 
• Photo-excitation from lower levels 
• Recombination 

The depopulation processes are: 

• Spontaneous radiative decay to lower levels. 
• Stimulated radiative decay to lower levels. 
• Radiative decay to lower levels, because of collisions with electrons, protons and 

impurity ions. 
• Excitation to higher levels as a result of collisions with electrons, protons and 

impurity ions. 
• Photo-excitation to higher levels 
• Ionisation 

Since ionised atoms are involved in population and depopulation of the atomie levels, no 
Jonger can be relied on the Boltzman equation to describe thermodynamic equilibrium. 
In this case, the Saha equation is needed to describe the thermodynamic equilibrium. 
The processes given above are dependent on the ion and the electron temperature, the 
beam energy and the electron density. Therefore, the effective cross section is also 
dependent of these plasma parameters. 
The effective cross section for beam emission spectroscopy used in this report is the 
effective cross section for Balmer-a emission, which gives the transition from the n=3 
state to the n=2 state: 

q
bes = qbes 

3~2. 
(2.48) 

The effective cross section for charge exchange used in this report is a hybrid cross 
section. This hybrid cross section consists fora part of the n=l state and fora part of the 
n=2 state of the beam atoms: 

(2.49) 

where ni is the fraction of the population of respectively the n=l state and the n=2 state 

and q':; is the effective cross section for the particular state. The n=2 fraction, for 

different electron densities in the plasma, is shown in figure 2.18. In this figure can be 
seen that the fraction increases with increasing beam energy for every density shown. 
However, the fraction increases relatively more for higher densities. 
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Figure 2.18: Excited beam (n=2) populationfraction versus beam energy. 

Experiments have demonstrated that the role of the n=2 population is rather important 
for low beam energies. For these energies the effective cross sections for charge 
exchange of this state are large. This in contrast to the effective cross section for charge 
exchange of n=l for these energies. Although the number of particles in the n=l state is 
much larger than the number of particles in the n=2 state, the n=2 state is dominant for 
low energies. Due to the large cross section for this state. In figure 2.19 the hybrid cross 
section qcx(n=l and n=2) and the effective cross section for the n=l state qc\n=l) are 
shown. 
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Figure 2.19: The hybrid cross section and the effective cross sectionfor the n=l state. 
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In figure 2.19, the important role of the n=2 population described above for low energies 
is shown. 
All the cross sections used to determine the impurity and neutral beam densities in this 
report are taken from the ADAS database [13]. This database is used as a look up table. 
About the values of the cross sections in the ADAS database, some discussion exists. 
Some people do not agree with the values of the cross sections for beam emission 
spectroscopy [14] . They also calculated these values and found different values for the 
cross sections for beam emission. The difference between their own calculations and the 
ADAS cross sections is according to them caused by the state population calculations of 
ADAS. Intensive study should be done to make clear which database for the cross 
sections is the right one. Because the impurity density and neutra! beam density 
determination with a combination of the MSE and CX diagnostics depends strongly on 
the cross sections. In this report is tried to settle this dispute. 
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3. Data acquisition 

In this chapter, first the experimental setup of the MSE and the ex diagnostic will be 
discussed. This is an overview of the development of both setups at TEXTOR. Next, the 
programs used to obtain the parameters from the measurements will be described. 
Finally, other diagnostics and methods to determine the plasma parameters that can be 
measured with the MSE and ex diagnostic will be compared with the MSE and ex 
diagnostics. 

3. 1. MSE and ex setup 

In this paragraph, the MSE and ex setup will be discussed simultaneously, because they 
both have the same optical setup. The only difference between both diagnostics is the part 
of the spectrum, which they measure. First the requirements for a proper MSE and ex 
diagnostic are given. Next, the development of the two diagnostics at TEXTOR will be 
described in a chronological order. Finally, some improvements that may help to develop 
the diagnostics in the near future even more are discussed. 

3. 1. 1. Requirements setup 

The position of the viewport for the optical equipment is very important for both 
diagnostics. This position determines partly the accuracy with which the plasma 
parameters can be measured. The viewport has to satisfy the following requirements: 

• The Doppler shift has to be large enough to separate the full energy component from 
the half energy component and the ex signal should not disturb the measurement. 
The first requirement makes sure the 4n+ line of the full energy component is 
separated from the 4n- line of the half energy component. This condition is already 
satisfied if .Q, the angle between the line of sight and the neutra! beam is less than 
75°. The second requirement makes that the angle .Q has to be less than 50°. 

• The angle between the line of sight has to be tangential to the toroidal direction in 
order to minimise the spatial resolution. This tangential view at the intersection 
between the line of sight and the magnetic field has the best possible radial resolution. 
If looked from the front of the beam, in the direction opposite to the beam direction, 
this criterion is only possible for just one point on the profile. If looked from the back 
of the beam, in the direction of the beam, this criterion is possible fora large range. In 
figure 3.1, the radial resolution is shown for two different viewports at TEXTOR. 
One looks from the back and one looks from the front of the neutral beam. 
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Figure 3.1: Radial resolution of the Balmer-a spectrum/or different viewing positions. 

As is seen in this figure the radial resolution is smaller if the spectrum is watched 
from behind. This radial resolution has to be as small as possible because the error in 
q is for a large extend determined by the radial resolution of the measurement, see 
equation 2.25. 

• The projection factor for the magnetic pitch angle, see equation 2.14, has to be 
maximal to reduce the relative error in the polarisation angle. For TEXTOR, the angle 
between the magnetic field and the neutral beam in the centre of the tokamak is fixed 
at about 20°. This would mean that the angle between the line of sight and the neutral 
beam should be 0° to have a maximal projection factor. This requirement is in 
conflict with the previous requirement, which demands that the line of sight should be 
tangential to the toroidal direction. 

As is seen from above the requirements conflict with each other. Luckily, the effect of the 
angle between the line of sight and the neutra] beam is small because in the projection 
factor the eosine of this angle is used. So the best position for the diagnostic is the 
viewport that satisfies the requirements the best, this means a combination of a good 
radial resolution with a large projection factor. 

3. 1.2. Setup in front of the neutra/ beam 

Figure 3.2 shows the setup of the MSE and CX diagnostic if the line of sight is opposite 
to the direction of the neutral beam. This setup was a prototype for testing the statie 
spectra! polarimetry principles at TEXTOR. For this setup the angle between the lines of 
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sight and the neutral beam is approximately 20° and the angle between the lines of sight 
and the toroidal magnetic field is less than 10°. 
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Figure 3.2: Schematic overview of the MSE and CX setup in front of the neutral beam. 

In this schematic overview is shown the co-injected neutral beam (NBI-1), the vacuum 
vessel, the lightfibres and the spectrometer. The fibres are grouped in 4 groups of 15 
fibres, which cover 1.70 m to 2.15 m of the major radius. The fibres are mounted in 
modules in the tokamak such that the lines of sight are tangential to the toroidal direction 
in the equatorial plain in order to have a good spatial resolution and a large Doppler shift. 
The fibres transport the light directly out of the tokamak to the spectrometer. An 
achromat with a focal length of 80 mm and a 1: 1 magnification projects an image of the 
fibres on the 100 µm wide entrance slit of the spectrometer. This spectrometer is shown 
in figure 3.3. 
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Figure 3.3: Schematic view of the spectrometer usedfor the measurements. 
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The spectrometer is of the Littrow type. A mirror reflects the light that enters the 
spectrometer towards a ruled grating. This ruled grating is 200 mm by 200 mm with 1200 
lines/mm. A large lens, with a focal length of 750 mm and a diameter of 200 mm, is used 
to create a parallel beam to illuminate the grating. This same lens forms the image on the 
CCD camera. The spectrometer has a f-number off/#= 4.5. 
The spectra are recorded by a 2D Peltier cooled CCD camera. The pixels are 22.5 µm by 
22.5 µm. The chip size is 1152 by 298 pixels. Only half of the chip is illuminated during 
each frame. After the exposure time, this half is transferred to the other half. So the other 
half can be illuminated again. After this transfer, a computer reads the half of the chip, to 
which the data is transferred. The speed with which the computer can read the chip and 
the rate of the transfer determines the time resolution of the spectrometer. The tempora} 
resolution of the spectrometer, if all observation volumes are read, is 50 ms. lf only one 
observation volume is measured the tempora} resolution is only 5 ms. The dispersion of 
the spectrometer is 0.23 À/pixel and the instrumentation width is 1.265 À in the first 
order. 

As is mentioned above 4 groups of 15 fibres collect the light that is emitted at different 
positions in the tokamak. The setup is constructed such that every position that is 
watched by one fibre of a group is also watched by one fibre from the other three groups. 
This way all four groups should measure the same spectra and intensities. In practice this 
is not case, because the fibres have not exactly the same positions. 
The different groups can transport the collected light to 4 different spectrometers. 
Dependent on the wishes of the physicist these spectrometers can be used for MSE and/or 
CX measurements. lf they are all used for CX than 4 different ions can be tracked during 
a shot. Normally one spectrometer is used for MSE and one is used for CX. The other 2 
spectrometers could be used if the physicist wants to measure some other impurities than 
carbon and neon, like argon or helium. 
In this prototype setup, light coming from TEXTOR is transported directly through fibres 
to the spectrometer. Here the CCD camera measures the light coming from the different 
positions and the different polarisation angles. From these measured spectra the plasma 
parameters, which are discussed in chapter 2, can be determined. 
As is already seen in section 3.1 is the radial resolution for this setup not optimal. This 
has the consequence that the q profile can not be measured accurately with this setup. 
Therefore, a new setup was created, which has its lines of sight in the same direction as 
the neutra] beam. This setup is discussed in the next section . 

3. 1.3. Setup behind the neutra/ beam 

This setup, shown in figure 3.4 is only used for MSE. CX is still done with the setup 
described in the previous section. For this setup the angle between the lines of sight and 
the neutra! beam is approximately 30° and the angle between the lines of sight and the 
toroidal magnetic field is less than 20°. 
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Figure 3.4: Schematic view of the setup looking from behind the neutra! beam. 

For the MSE measurements performed with this setup 20 fibres are installed in the 
tokamak, covering 500 mm of the plasma. These fibres are mounted in modules, which 
exist of lenses and beam splitters, in the tokamak such that the lines of sight are 
tangential to the toroidal direction in the equatorial plain in order to have a good spatial 
resolution and a large Doppler shift. The fibres that are used for this setup collect 
polarised and unpolarised light. In this prototype setup, the light coming from TEXTOR 
is led through an empty module or through a module with a polarising beamsplitter. In 
the beamsplitter the light is split in light that is polarised parallel to the z-axis and light 
that is polarised perpendicular to the z-axis. The polarised light coming from the 
beamsplitter and the light coming from the empty module are both transported to the 
spectrometer. Here the CCD camera measures the light coming from different positions 
with different polarisation angles. From these measured spectra the plasma parameters, 
which are discussed in chapter 2, can be determined. 

The main advantage of this setup is the radial resolution, which is improved by 
measuring from behind the neutra! beam. The main disadvantage is that the CX and MSE 
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diagnostic are not looking at the same observation volumes any more. Therefore, a 
combination of the ex and MSE measurements is impossible. Other disadvantages are 
that no shutter is present, so the optica! equipment is not protected against boronisation 
and gets contaminated during this process. Moreover, the glue used to mount the 
polarises in the modules gets too hot. Practically this means that the glue melts, which 
makes the polarisation cubes useless. Finally the diagnostic can only be reached through 
the manhole of the tokamak. This means that quick adjustments or a quick fix of the 
diagnostic is impossible. 
To overcome these disadvantages a new setup will be created. This new setup will be 
discussed in the next section. 

3. 1.4. New setup 

This new setup is placed in the same viewport as the present setup, but it gets several 
improvements. The ex diagnostic is also installed behind the beam so it also looks in the 
same direction as the MSE setup. This means that with this new setup a combination of 
the MSE and ex diagnostics is possible with a higher radial resolution than in the 
prototype setup. 
Further the optical equipment is mounted in a movable tube and not in the tokamak itself. 
This tube can be easily taken out of the tokamak, so adjustments and reparations can be 
performed directly, without one has to get into the tokamak. This way the tokamak does 
not have to be opened and the vacuum can be contained. This tube is also useful if the 
tokamak is boronised. In this case, the tube can be taken out of the tokamak, so the 
boronisation process does not contaminate the optical equipment. Beside the advantage 
that the optical equipment does not get contaminated, there is the disadvantage that the 
manual calibration is not correct after the tube is placed back into its position. Therefore, 
the position has to be determined out of the measurements for this new setup. 
Besides sol ving the problems of the former setup, this setup gets also an improvement for 
determining the plasma parameters with a higher accuracy. As was discussed in section 
2.1.5.b is the method for determining the poloidal magnetic field and the safety factor 
with just one polariser under 45° the most accurate. This is why just one polariser, which 
is placed under 45° with the z-axis, replaces the polarisation cubes. The optical equipment 
in the flange is shown in figure 3.5. 
This setup has a prism that directs the light from the tokamak into the flange. This prism 
has a Verdet constant of almost 0. This means the light does not experience any Faraday 
rotation in the prism. Behind the prism is the polariser placed under 45° with the z-axis. 
The spectrometer is also improved. A new camera is installed. This camera has a higher 
time resolution of 2 ms. 
Because TEXTOR was not operational during my traineeship, this improved setup is not 
tested yet. So in the results all the measurements discussed are made with the other two 
setups. 
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Figure 3.5: The optica! equipment mounted in the flange for the new setup. 

3. 1.5. Further improvements 

Here two more improvements that could be made in the future to determine the radial 
electric field and to use MSE even at low magnetic fields are discussed [15, 16, 17]. 

a) Improvement to determine ER 

As is discussed in section 2.1.5.b the radial electric field can be determined in two 
different ways. The method, which determines the polarisation angles of the full and half 
energy Stark components, is already possible at TEXTOR. It has a good spatial resolution 
but a larger uncertainty in the radial electric field than the other method. This other 
method makes use of two different viewing lines, which look at the same position with 
different angles between the line of sight and the toroidal magnetic field. The advantage 
of this method is that the electric radial field can be determined with more accuracy. But 
the disadvantage is the radial resolution, which is not as good as the other method. lf both 
methods would be present, one can compare the radial electric field determined with both 
methods. This could help to increase the accuracy in both the radial resolution and the 
radial electric field. 

b) MSE at low magnetic fields 

When a large magnetic field is present, is the Stark splitting large due to the large Lorentz 
electric field. This makes it relatively easy to separate the n transition lines from the a 
transition lines. Lower magnetic fields give a smaller Stark splitting, which can lead to an 
overlap between the two polarisation intensities, which results in a poor polarisation 
fraction . At such low magnetic fields, the error in the determination of the plasma 
parameters increases, because the noise level is relatively larger than when large 
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magnetic fields are used. A method to decrease the error for measurements at low 
magnetic fields is the Laser Induced Fluorescence (LIP). 
LIP avoids the geometrie spectra! broadening problem, caused by the finite size of the 
collection lens and the finite image size. These cause that a range of Doppler shifts 
manifest itself as spectra! broadening. LIP allows MSE this way to work at much lower 
magnetic fields. 
LIP uses a tuneable laser source, which excites electrons from a lower energy level to a 
higher state in an atom or ion. The process of excitement is resonant, so the cross section 
for absorption of energy by the atoms or ions is large. The photons, which are emitted 
during the transition to a lower energy state can be observed. 
Por MSE, it would be useful to inject a tuneable laser, coaxial with the hydrogen neutra! 
beam, which is resonant with the Doppler shifted Ha transition. The Stark effect will 
cause a spectra! shift and the atom will absorb light that is linearly polarised either 
parallel to the direction of the induced electric field for n transitions or perpendicular to 
the electric field for u transitions. When the rotating laser polarisation is aligned with the 
direction of the local magnetic field, the resonance condition is satisfied and the atom 
absorbs the laser light. This way the magnetic pitch angle can be determined from the 
modulated signal of the laser polarisation rotation frequency and the phase of the laser. 
With LIP, it should be possible to have a polarisation fraction of almost 1 at magnetic 
fields of less than 0.1 T. 

3.2. Programs 

In this paragraph, the used computer programs will be discussed. These programs are 2 fit 
routines and an iterative program to determine the impurity concentration out of the ex 
and MSE parameters. One of the fit routines determines the parameters of the MSE 
measurements out of the MSE spectra and the other one determines the parameters of the 
ex measurements out of the ex spectra. 

3.2. 1. Fit routine tor MSE measurements 

The MSE spectra are fitted with multiple Gaussian functions. This fit routine first locates 
the Ha edge emission line. This edge emission is free from Doppler shift due to bulk 
motion of the plasma. It is used as a wavelength reference. Next the position of the 
Doppler shifted primary u0 Stark component associated with each Stark multiplet is 
located. From these positions one can determine the Doppler shift, which is a function of 
the beam velocity and the angle between the line of sight and the neutra! beam, see 
equation 2.5. 
The locations of the remaining Stark components for each multiplet are identified by the 
constant Stark splitting as is described in equation 2.8. This Stark splitting is proportional 
to the Lorentz electric field. 
Following the spectral features are represented by Gaussians. The amplitude of the 
Gaussians for the primary Stark components are treated as free parameters. While the 
amplitudes of the Gaussians for the remaining Stark features are specified by a 
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parametric relationship relative to the amplitude of the a0 components. The resulting 
array of Gaussians is then optimised to obtain a synthetic spectrum that yields the best fit 
to the experimentally observed data. From this synthetic spectrum, some plasma and 
beam parameters are extracted. These plasma parameters are: the intensity of the full, half 
and third energy component of the light polarised perpendicular to the electric field, the 
ratio between the intensities of the parallel and perpendicular polarised light, the Doppler 
shift, the Stark splitting and the beam divergence. 
The fit routine also determines the background. If one determines the background for 
frames of the same shot with and without plasma one can determine the bremsstrahlung. 
Since for frames with plasma bremsstrahlung is present and for frames without plasma no 
bremsstrahlung is present, the difference in background gives the intensity of the 
bremsstrahlung. 

3.2.2. Fit routine tor CX measurements 

The ex spectra described in this report are fitted with two Gaussians. This fit routine first 
locates the edge emission line of the impurity at which is looked. This edge ernission is 
free from Doppler shift due to bulk motion of the plasma. It is used as a wavelength 
reference. Next, the active and passive part of the charge exchange peak is determined 
with two Gaussian functions. 
From the Gaussian, which fits the active part of the charge exchange spectra, the ion 
temperature, the ion velocity and the intensity of the active charge exchange part can be 
determined. The velocity follows from the Doppler shift in respect to the non-shifted 
reference wavelength. The ion temperature follows out of the width of the Gaussian 
function. Finally, the intensity is given by the area beneath the Gaussian function. 
Further, the background can be determined by this fit routine. With this background the 
bremsstrahlung can be determined just like with the fit routine for MSE measurements. 

3.2.3. Program tor determination of impurity concentration 

This program determines the impurity concentration of the impurities where is looked at 
with the ex diagnostic. Hereby it makes use of the ADAS database. This database is 
used as a look up table for the effective cross sections. The parameters, which have to be 
inserted into the program are: the intensities of the different Stark components, the 
neutral beam energy, the ion temperature, the magnetic field strength, the electron density 
and the intensities of the active charge exchange peaks. The intensities of the active 
charge exchange peaks are coming from the impurities where is looked at with the ex 
diagnostic. With these inserted plasma parameters the program calculates iteratively the 
impurity concentration by making use of the equation 2.42. 
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3.3. Other diagnostics to determine parameters 

Besides the statie MSE polarimetry diagnostic (the MSE diagnostic described in this 
report), some other diagnostics exist to determine the current density. Some of these other 
diagnostics are the heavy ion probe, Faraday polarimetry, dynamic MSE polarimetry, 
probes and rotation measurements. In this paragraph, Faraday polarimetry and dynamic 
MSE polarimetry will be discussed in more extend. Faraday polarimetry will be 
discussed because this is the only other diagnostic at TEXTOR, which measures the same 
parameters as the MSE diagnostic at TEXTOR. Dynarnic MSE polarimetry will be 
discussed because this is another method to determine the parameters with almost the 
same diagnostic as the one used at TEXTOR. 

3.3. 1. Faraday polarimetry 

The principle of Faraday polarimetry is shown in figure 3.6. 

a 

Figure 3.6: Principle of the Faraday rotation. 
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In this figure is just one probing wave, the magnetic field lines, the plasma current and 
the polarisation shift shown. Normally more probing waves are used at different radii of 
the plasma. These probing waves, electromagnetic waves produced by a laser, undergo a 
phase shift and a polarisation shift in the plasma. This polarisation shift is produced by 
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the Faraday rotation, which is related to the poloidal magnetic field. This polarisation 
shift is measured by the polarimeter. Because of the relation between the poloidal 
magnetic field and the polarisation shift, given by [5]: 

(3 .1) 

the poloidal magnetic field profile can be determined out of the measurements. The 
determination of the poloidal magnetic field profile is done by the Abel inversion of the 
different measurements at the different radii. From the poloidal magnetic field profile, the 
current density profile can be determined just like is described in chapter 2 of this report. 
For the determination of the poloidal magnetic field, the electron density is needed. This 
electron density can also be determined with the Faraday polarimeter. Because it can 
measure beside the polarisation shift also the phase shift of the probing wave. From this 
phase shift the electron density can be determined by [18]: 

(3.2) 

where À is the wavelength of the used laser. To determine an electron density profile 
Abel inversion is used. 
The main advantages of Faraday polarimetry over statie MSE polarimetry are that no 
neutra! beam is needed for polarimetry and that it can determine an electron density 
profile. However, some disadvantages exist for Faraday polarimetry, which make the use 
of a statie MSE polarimetry diagnostic favourable. These disadvantages are: for dense 
plasmas most of the laser beam power is absorbed, so the transmission is limited, the 
Abel inversion has problems with detecting reversed shear profiles and the measurements 
used to determine the current density are line integrated measurements. 

3.3.2. Dynamic MSE polarimetry 

Most large tokamaks are equipped with a motional Stark effect diagnostic. However, 
these are based on dynamic MSE polarimetry, while the MSE diagnostic on TEXTOR is 
based on statie MSE polarimetry. In figure 3.7, a setup of the dynamic MSE polarimeter 
at ASDEX is shown. 
This figure shows besides lenses and fibres: a mirror, 2 photo-elastic modulators (PEMs), 
a linear polariser, an interference filter, a photo multiplier and 2 loek-in amplifiers. The 
principle of dynamic polarimetry is as follows . The mirror directs the light emitted in the 
tokamak to the two PEMs. The two PEMs modulate the polarisation angle of the linearly 
polarised incoming radiation at two different frequencies, w1 and w2. The linear polariser 
behind the PEMs transforms the polarisation modulation into an intensity modulation. 
With the interference filter a nor a line of the MSE spectrum is selected. Finally the 
modulation amplitude is determined with the modulation amplifiers. The polarisation 
angle can be determined with the ratio of the modulation amplitudes at the frequencies 
2w1 and 2lll2 [19] : 
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Figure 3.7: Setup of a dynamic MSE polarimetry diagnostic at ASDEX. 

S21 (2w1) = - tan(2y P). 
S22 (2w2) 

(3.3) 

The main advantages of dynarnic MSE polarimetry over statie MSE polarimetry are: very 
accurate measurements of the polarisation angle (.1y::::: 0.1°) are possible and a high time 
resolution ( <2 ms) is possible. However, some disadvantages exist which it makes 
favourable to use statie polarimetry. The main disadvantages are: uncertainty whether 
correct spectra} range is selected, some spectral information is discarded, the radial 
location can not be deterrnined, it can not be used in combination with the CX diagnostic 
and a second setup is needed to deterrnine the radial electric field. 
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4. Results 

This chapter gives the results of the measurements done with the ex and MSE 
diagnostics. First, the measurements performed with the MSE diagnostic will be 
described. Subsequently the measurements done with a combination of the ex and MSE 
diagnostic will be discussed. 

4. 1. Results of MSE measurements 

This section will first discuss the position determination with the MSE diagnostic for the 
two different methods discussed in chapter 2. These will be compared with the manual 
calibration. This position determination is done for the setup, which looks from behind 
the neutral beam. Next is looked at the best method for determining the position of the 
observation volume. Subsequently shots with and without a plasma are discussed. For the 
shots with a plasma the poloidal magnetic field and some other plasma parameters are 
determined. Finally, the empirically poloidal magnetic field is compared with the 
measured poloidal magnetic field. 

4. 1. 1. Determination of the observation volume 

To determine the position of the observation volume the shots 87181 and 87182 are used. 
Both shots had an energy of 49 keV and a central toroidal magnetic field of respectively 
2.02 and 1.92 T. From these shots, the Doppler shift and Stark splitting are determined 
out of the MSE spectra for the different viewing lines. These viewing lines are called 
channels in the rest of this chapter. The channels either measure the light polarised 
perpendicular or parallel to the z-axis or the entire spectrum. In table 4.1, the channels 
and the polarisation directions of the light observed with these channels are shown. 

Table 4.1: Channels with the observed light. 
Channel Polarisation light Channel Polarisation light 

1 Parallel 7 Not 
2 Parallel 8 Perpendicular 
3 Parallel 9 Perpendicular 
4 Parallel 10 Perpendicular 
5 Parallel 11 Perpendicular 
6 Parallel 12 Perpendicular 

The light observed with channels 1 until 6 is polarised parallel to the z-axis and the light 
observed with the channels 8 until 12 is polarised perpendicular to the z-axis. ehannel 7 
observes light, which is not polarised in particular to the z-axis. 
The Stark splitting and the Doppler shift give information about the position of the 
observation volume, as is discussed in section 2.1.5.a. In this section, use will be made of 
the theory described in section 2.1.5.a and the figures 2.9 until 2.12. 
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In table 4.2, the positions of the observation volumes for the channels 1 until 5 and 7, 
determined with the two methods described in section 2.1.5.a, are shown. The positions 
of the observation volumes for the channels 8 until 12 could not be determined with the 
methods described above. This is caused by the instrumental width of the diagnostic, 
which makes the peaks of the Stark components broader than they really are. Although it 
can be assumed that these channels observe almost the same position as the channels 1 
until 5. 

Table 4.2: Position of the observation volumes determined out of Stark and Doppler shift. 
Channel Stark R(m) Doppler R(m) 

1 1.887 ± 0.008 1.799 ± 0.038 
2 1.905 ± 0.010 1.829 ± 0.036 
3 1.927 ± 0.011 1.858 ± 0.035 
4 1.950 ± 0.013 1.884 ± 0.033 
5 1.965 ± 0.015 1.914 ± 0.032 
7 2.036 ± 0.026 1.915 ± 0.033 

As can be seen in table 4.2 the positions determined with the Stark and Doppler shift are 
not consistent. In the next section will be shown which method is the best to determine 
the observation volume. Here also will be discussed why the methods are not consistent. 

4. 1.2. Best method to determine position observation volume 

As is discussed in section 2.1.5.a the position of the observation volume can be 
determined with 3 different methods. The first one is the Stark method, the second one is 
the Doppler method and the third one is the manual calibration prior to measurements. 
The first two methods are already discussed in extent. The third one will be discussed 
here. 
To calibrate the location of the observation volume manually, one uses a plexiglas plate. 
This plate is placed into the tokamak where the neutra] beam is located during discharges. 
Next, the plate will be lit by a halogen lamp, which is placed at the camera's side of the 
quartz fibres. The bright spots on the plate, ±3 cm in size, are marked on the plate and 
plain geometry reproduces the position of the observation volumes. In table 4.3, the 
manual calibrated positions for the different channels are given. 

Table 4.3: Positions determined with manual calibration. 
Channel R(m) Channel R(m) 

1 1.90 ± 0.03 12 1.89 ± 0.03 
2 1.93 ± 0.03 11 1.92 ± 0.03 
3 1.95 ± 0.03 10 1.95 ± 0.03 
4 1.98 ± 0.03 9 1.97 ± 0.03 
5 2.01±0.03 8 1.99 ± 0.03 
6 2.03 ± 0.03 7 2.00 ± 0.03 
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The channels in this table are arranged in this specific way, while channel 1 and channel 
12 are assumed to observe light, polarised respectively parallel and perpendicular to the 
z-axis, at the same position in the tokamak. 
By observing the values in tables 4.1 and 4.2 one can assume the Stark method is the best 
method to determine the observation volume. This method has the smallest error in the 
major radius and it is consistent with the manual calibration. The method to determine the 
location with the Doppler shift has the largest error in the major radius and it is not 
consistent with the other two methods. This can be caused by a wrong calibration of the 
position of the modules. 
The main advantage of the Stark method is that it only uses one parameter, the angle 
between the neutral beam and the toroidal magnetic field, which depends on the 
geometry. This in contrast to the Doppler method, which makes use of the position of the 
modules and the angle between the line of sight and the neutral beam. The use of on! y 
one parameter makes the errors smaller. 
The disadvantage of the Stark method is that it can be only used when no plasma is 
present, because it neglects the poloidal magnetic field. This means that the calibration 
with the Stark method can only be done prior to a plasma shot when the neutral beam is 
injected before a plasma is made. This way it is possible to locate the positions of the 
observation volumes before every shot. It is not possible to observe fluctuations in the 
position of the observation volume during a plasma shot with this method. To do this one 
has to improve the Doppler method. To improve this method one can use the Stark 
method. This is done as follows. With the calibrated positions measured with the Stark 
method, it is possible to locate the position of the modules with a higher accuracy. This 
way the accuracy in the Doppler measurements can be improved. 

In the rest of this chapter, use will be made of the location of the observation volume 
determined with the Stark method and the major radii are taken from table 4.2. 

4. 1.3. Measurements with and without plasma 

In this section will be looked at two different experiments. In the first experiment, the 
neutral beam is injected into a gas filled tokamak with an applied toroidal magnetic field. 
And in the second experiment, the neutral beam is injected into a normal plasma. 

Measurements without a plasma should have no plasma current. This means that the 
poloidal magnetic field should be 0. So the Stark splitting loses the poloidal magnetic 
term in equation 2.8 and is given by equation 2.16. In this case, the Stark splitting should 
be proportional to the toroidal magnetic field. This can be verified by measurements 
without a plasma, see figure 4.1. 
As is seen in figure 4.1 the Stark splitting is proportional to the toroidal magnetic field for 
measurements without a plasma and the linear trendline goes trough the origin as 
expected. 
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Figure 4.l:The toroidal magnetic field versus the stark splitting for measurements 
performed on a gas filled tokamak. 

Measurements with a plasma have a plasma current, which causes a poloidal magnetic 
field, see equation 2.20. This poloidal magnetic field has effect on the Stark splitting. In 
this case is the Stark splitting not proportional to the toroidal magnetic field as is the case 
for measurements without a plasma. For these measurements, an additional term for the 
poloidal magnetic field is present in the equation for the Stark splitting. The relation 
between the toroidal magnetic field and the Stark splitting is shown in figure 4.2 for 
measurements with a plasma. 
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Figure 4.2:The toroidal magnetic field versus the stark splitting for measurements 
performed on a plasma. 
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In this figure, the linear trendline is not as good as in figure 4.1. This is caused by the 
additional term for the poloidal magnetic field, which is not the same in all the 
measurements. The poloidal magnetic field can have a maxima} effect of 6% on the Stark 
splitting if tan(y) = 0.15. If tan(y) is less, the effect on the Stark splitting will also be less. 
Moreover, the figures 4.1 and 4.2 are determined from different shots. This is the reason 
why the Stark splitting in figure 4.1 is larger than the Stark splitting in figure 4.2, 
although in figure 4.2 an additional poloidal magnetic field term is included in equation 
2.20. 

For measurements without a plasma no poloidal magnetic field should be present and the 
angle between the line of sight and the electric field should be 90°. Therefore, one would 
expect for these measurements that the ratio between the intensities of the perpendicular 
and parallel polarised light would be 1, see equation 2.21. In practice, this is not the case. 
The ratio between the two intensities for measurements without a plasma is about 1.33. In 
figure 4.3, the measured MSE spectrum and two simulated spectra with respectively 
ratios of 1 and 1.33 are plotted. As can be seen in this figure the ratio of 1.33 
approximates the measured spectrum best. The reason for this different ratio than is 
expected is yet unexplained. 
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Figure 4.3: The MSE spectrumfitted with intensity ratios of 1and1.33. 

In this report is not looked extendedly into this problem because for measurements with a 
plasma the theory seemed to work flawless. And since the MSE diagnostic is designed 
for measurements with a plasma this problem is not a problem for the determination of 
the plasma parameters. 
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4. 1.4. Determination of plasma parameters 

In this section will be looked at measurements with a plasma. From these measurements 
some plasma parameters, like the pitch angles and the poloidal magnetic field, will be 
determined. 

The used setup only has channels which measure the entire spectrum and channels which 
measure only light polarised parallel or perpendicular to the z-axis. As is discussed in 
chapter 2 the method without a polariser is not good enough to determine the angle 
between the line of sight and the electric field. Since the ratio between the intensities is 
almost 1 for every possible situation. Therefore, the method with two polarisers and the 
method with just one polariser under 90° have to be used to determine the poloidal 
magnetic field. The poloidal field can be determined by measuring the polarisation angle. 
With the two different methods the polarisation angle is determined on two different 
ways. The measurements with two polarisers will be discussed first, followed by the 
measurements with just one polariser under 90° with the z-axis. 

When two polarisers are used the polarisation angle is measured by measuring the 
intensity of the parallel or perpendicular polarised light by two channels. With two 
polarisers a polarising beam splitter is meant, which leads the light to the two channels, 
which measure light that is polarised either perpendicular or parallel to the z-axis. The 
polarisation angle is next determined with equation 2.22. 
Since the polarisation cubes were already braken in a very early stage of the experiments 
only a couple of measurements are done with two polarisers. Here two shots with two 
polarisers are described. These shots are 87183 and 87184. The energy of the beam for 
these shots was 49 keV and the central toroidal magnetic field was respectively 2.13 and 
1.91 T. Of these shots is the intensity of the perpendicular polarised light of the full , half 
and third Stark component measured. This way the polarisation angles for all three the 
components can be measured. The channels, which measure with a polariser 
perpendicular and parallel to the z-axis are shown in table 4.1. In table 4.3 the channels, 
which measure another polarisation at almost the same position, are ordered in the same 
row of the table. 
The three polarisation angles coming from the three Stark components can be averaged if 
they are consistent. This way the accuracy of the measurements is increased. With the 
angle between the line of sight and the neutra] beam and the angle between the neutral 
beam and the toroidal magnetic field, which follow both from the MSE spectrum, the 
magnetic pitch angle can be determined. In table 4.4 the measured polarisation angles and 
the determined magnetic pitch angles of shot 87183 are shown for the channels with 
which they are measured. 
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Table 4.4: Polarisation and magnetic pitch angles of shot 87183. 
Channels Polarisation angle Magnetic pitch angle 

5 and 8 0.177 ± 0.007 0.106 ± 0.006 
4 and 9 0.129 ± 0.010 0.075 ± 0.006 
3 and 10 0.081±0.024 0.045 ± 0.014 
2 and 11 0.031 ± 0.039 0.017 ± 0.022 
1 and 12 0.059 ± 0.047 0.030 ± 0.024 

Table 4.5 gives the measured and determined angles for shot 87184. 

Table 4.5: Polarisation and magnetic pitch angles of shot 87184. 
Channels Polarisation am:de Ma2netic pitch an2le 

5 and 8 0.315 ± 0.003 0.188 ± 0.005 
4 and 9 0.263 ± 0.004 0.152 ± 0.005 
3 and 10 0.176 ± 0.007 0.098 ± 0.005 
2 and 11 0.038 ± 0.063 0.020 ± 0.034 
1and12 0.078 ± 0.040 0.040 ± 0.021 

In the tables 4.4 and 4.5 can be seen that the absolute error in the magnetic pitch angle 
determined with the channels 2 and 11 and 1 and 12 is larger than the error in the 
magnetic pitch angle determined with the other channels. This is caused by the small 
intensity of the perpendicular polarised light measured with the channels that measure the 
light that is polarised parallel to the z-axis. The error in these intensities is almost a factor 
4 larger than the measured intensity. 
With the magnetic pitch angles given in the tables above the poloidal magnetic field can 
be determined. For this poloidal magnetic field one needs the toroidal magnetic field. 
This toroidal field is dependent on the major radius, see equation 2.18. To deterrnine the 
toroidal magnetic field one can use the three methods discussed in section 4.1.2. In this 
section, the Stark method is found to be the best method to determine the location of the 
observation volume. This is the reason why the positions of the observation volumes 
found for the channels with this method will be used here. 
The positions of the observation volumes for the different channels, the toroidal magnetic 
field for these positions and the poloidal magnetic field for these positions are shown in 
table 4.6 for both shots 87183 and 87184. For the calculation of the toroidal magnetic 
field use is made of the magnetic field at the centre of the tokamak B0. For shot 87183 
and 87184 Bo is respectively 2.13 and 1.92 T. During the calculations of the magnetic 
poloidal field is assumed that both channels observe the same position in the tokamak. 
This is not entirely true, because the fibres have a slightly different position in the 
modules. 
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Table 4.6: Magnetic poloidal field at different positions in tokamak. 
87183 87184 

Major radius BT (T) Bn (T) BT (T) Bn(T) 

1.965 ± 0.015 1.897 ± 0.015 0.20 ± 0.01 1.710 ± 0.013 0.32 ± 0.01 
1.950 ± 0.013 1.912 ± 0.013 0.14 ± 0.01 1.723 ± 0.011 0.26 ± 0.01 
1.927 ± 0.011 1.934 ± 0.011 0.09 ± 0.03 1.744 ± 0.010 0.17 ± 0.01 
1.905 ± 0.010 1.957 ± 0.010 0.03 ± 0.04 1.764 ± 0.009 0.03 ± 0.05 
1.887 ± 0.008 1.975 ± 0.008 -0.06 ± 0.05 1.781±0.008 -0.07 ± 0.04 

In table 4.6 can be seen that the poloidal magnetic field can be determined with a high 
accuracy far large values of this poloidal field, but where the poloidal magnetic field is 
small the accuracy decreases dramatically. This is also caused by the small intensity 
measured with the channel, which measures the light polarised parallel to the z-axis. 

The method with just one polariser makes use of equation 2.23. For the measurements 
discussed here the angle ap = 90° and the term befare the tangents is set to 1. This gives 
only a minor error in the determination of the polarisation angle, since the angle between 
the line of sight and the electric field is almost 90° far every possible situation. After the 
determination of the polarisation angle is the calculation of the poloidal magnetic field 
the same as far the method with two polarisers. In table 4.7 are the polarisation angle and 
the magnetic pitch angle, determined with the method with just one polariser, given far 
the shots 87183 and 87184. 

Table 4. 7: Magnetic poloidal field at different positions in tokamak. 
" 

87183 87184 
Major radius Yv Bo (T) Yn Bo(T) 

1.965 ± 0.015 0.153 0.17 0.267 0.26 

1.950 ± 0.013 0.114 0.13 0.226 0.21 

1.927 ± 0.011 0.086 0.09 0.181 0.16 

1.905 ± 0.010 0.030 0.03 0.036 0.03 

1.887 ± 0.008 0.044 -0.04 0.055 -0.04 

The errors of the poloidal magnetic field in table 4.7 can be as high as 1.6 T. This is 
caused by the small intensity of the light polarised parallel to the z-axis measured with 
the channels used to determine the poloidal magnetic field. 
Bath methods produce almost the same values far the poloidal magnetic field where this 
has small values. For larger values of the poloidal magnetic field the method with two 
polarisers produces larger values then the method with just one polariser. In figure 4.4, 
the measurements with bath methods far bath shots are shown. 
From this figure, one can deduce the Shafranov shift of the plasma. The position where 
the graph of the poloidal magnetic field goes through the x-axis is an indication far this 
Shafranov shift. In the figure the graph goes through the x-axis at about 1.89 m. This 
means that the Shafranov shift is about 0.14 m, if the plasma centre was positioned in the 
centre of the tokamak at R = 1.75 m. According to farmer experiments this value far the 
Shafranov shift is not realistic. The difference with the farmer experiments can also be 
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Figure 4.4: Comparison between the two methods to determine the poloidal magnetic 
field. One method (2 pol) uses two channels that measure polarised light at 
the same position, which is polarised perpendicular and parallel to the z
axis. The other method ( 1 pol) uses only one channel, which measures the 
light polarised perpendicular to the z-axis. 

caused by the large errors in the poloidal magnetic field. The point where the graph goes 
through the x-axis is also the point where r is set to 0. When all these parameters are 
known one can calculate other parameters like the safety factor. The only problem with 
this safety factor is that it is calculated out of the major radius, the distance from the 
centre of the plasma to the observation volume and the ratio between the poloidal and 
toroidal magnetic fields. All these parameters have an error of which the error in r is the 
largest. The accumulation of all these errors give an error in the safety factor, which is 
not acceptable. This is why the safety factor can not be determined directly with both 
methods. 
One thing that still can be done is to compare the measured poloidal magnetic field with 
the empirically determined poloidal magnetic field by using a combination of the 
equations 2.25 until 2.27. To calculate q the values are set to: a = 0.46 m, lp = 350 kA 
and the distance to the centre of the plasma is set to r = R - 1.89 m. This last parameter is 
chosen this value because this way one can compare the calculated with the measured 
poloidal magnetic field. The figure 4.6 and 4.7 show the empirically calculated and the 
measured poloidal magnetic field for respectively the shots 87183 and 87184. 
As is seen in the two figures the empirically calculated and the measured poloidal 
magnetic field do not have the same values for the poloidal magnetic field. This is caused 
by the uncertainty in the measurements, which makes it possible that the point where the 
graph goes through the x-axis is not the real point where this should happen. This has as 
consequence a wrong Shafranov shift and a wrong r in the empirica! data. Also can be 
seen in the figures that the slope of the points measured is steeper than the slope of the 
theoretica! curve. This raises the question if the empirica! determined formula is correct 
for these measurements. However, it should be clear from these measurements that the 
error in the poloidal magnetic field should be decreased for future measurements. 
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Figure 4.5: Comparison between the empirica! determined and the measured poloidal 
magnetic field for the two different methods for shot 87184. 

4.2. Measurements with both the CX and MSE diagnostic 

In this section, measurements with both the CX and MSE diagnostic will be discussed. 
From these measurements the impurity concentration, Zeff" the neutral beam density, the 
power fractions and the bremsstrahlung will be determined. To combine both diagnostics 
a relative calibration factor is needed. This will be discussed in the first part of this 
section. Next, the measurements of the parameters described above will be discussed. 
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These measurements are ordered by the kind of scan, which is done during the shot 
series. The impurity gas, which is puffed in the plasma during the shots is neon. The 
impurities measured are carbon and neon. The light emitted by other impurities then 
carbon and neon could not be observed during the measurements. Therefore, the 
concentration of these impurities in the plasma can not be determined. 

4.2. 1. Relative calibration factor to combine CX and MSE 

The relative calibration factor to combine the CX and MSE diagnostics is determined by 
the measurements of the bremsstrahlung with both diagnostics . This bremsstrahlung can 
be found by measuring the background of a frame with plasma and a frame without 
plasma of the same shot. The frame without a plasma has only noise as background and 
the frame with plasma has noise and bremsstrahlung as background. If the intensity of the 
background measured with the frame without plasma is subtracted of the intensity of the 
background measured with the frame with plasma, the intensity of the bremsstrahlung 
results. This same trick can be done for both diagnostics, which results in two different 
intensities for the bremsstrahlung. This difference is caused by the different wavelengths 
at which the bremsstrahlung is measured and the difference in cameras used to measure 
the spectra. To compensate for the difference in wavelength measured, the intensity 
measured at the highest wavelength has to be multiplied by the ratio between the 
emissivity of the lower and higher wavelength: 

E(lower) À(higher) dispersion(lower) 
= 

E(higher) À(lower) · dispersion(higher) 
(4.1) 

When is looked at hydrogen (656 nm) and carbon (529 nm) with the used spectrometers, 
the ratio given above is 1.279 and the bremsstrahlung is given by: 

(4.2) 

where calfac is the relative calibration factor to equalise both intensities. This calibration 
factor compensates the difference in cameras. The main advantage of this relative 
calibration factor is that it measures relative changes during the measurement itself. So no 
calibration prior to the measurements is needed. The calibration is always up to date. 
With the help of the calibration factor, the impurity concentration can be determined. 
This and other plasma parameters will be discussed in the next sections. 

4.2.2. Energy scan with only neon puffed in 

This energy scan is performed to test the cross sections of the ADAS system. During the 
shot serie the energy of the neutra] beam varies between 20 and 50 keV. With an 
adjustable shutter in the beam path the power deposited to the plasma is kept on a 
constant level, thus ensuring the same heating level during all the shots. During these 
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shots neon is puffed in until the measured intensity produced by the neon ions reached a 
certain level, which is constant for all shots of the serie. Measured during the shots are 
the bremsstrahlung and the carbon and neon concentrations. The way to determine the 
bremsstrahlung and the relative calibration factor were given in the previous section. 
During the different shots the calibration factor was given by 11.0 ± 0.8. The 
bremsstrahlung measured with the CX setup is given in figure 4.7. The y-axis of this 
figure gives the counts measured with the setup. 
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Figure 4.7: The bremsstrahlung versus the neutral beam energy for the energy scan. 
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As can be seen in this figure the bremsstrahlung is constant within 10% for increasing 
energy. This means that the effective ion charge has to be also constant within these 10%. 
With the relative calibration factor determined, from the bremsstrahlung of both 
diagnostics, the impurity concentration can be determined. This is done by using the 
iterative computer program, which makes use of equation 2.42. This program determines 
the carbon and the neon concentration in the plasma for a certain position. These two 
concentrations are given in figures 4.8 and 4.9 for R = 1.84 m. 
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Figure 4.8: The carbon concentration versus the beam energy for the energy scan. 
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Figure 4.9: The neon concentration versus the beam energy for the energy scan. 
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As can be seen in the figures 4.8 and 4.9 the concentration of carbon decreases and the 
concentration of neon increases by higher energies. 

With the concentrations of carbon and neon measured, one is able to calculate the 
effective ion charge by another method than the bremsstrahlung, see equation 2.43 . The 
effective ion charge determined with this method has to be equal or less then the effective 
ion charge determined with the bremsstrahlung. Because probably not all impurities in 
the plasma present are measured with the CX diagnostic. The effective ion charge 
calculated with equation 2.43 for the energy scan is given in figure 4.10. 
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Figure 4.10: The effective ion charge versus the beam energy for the energy scan. 
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In figure 4.10, the effective ion charge increases slightly with increasing energy. This 
same effect is also seen in figure 4.7 for the bremsstrahlung. This means that the 
measurements of the impurity concentration give a right indication of the composition of 
the plasma. 
Whether the measured impurity concentrations are right can be tested by comparing the 
neutra} beam density calculated by the attenuation code with the neutra} beam density 
following from the measurements. The neutra} beam densities following from the 
measurements are calculated with the ADAS code. To get out of the measured data the 
neutra} beam density one uses equation 2.41. To apply the equation a calibration factor is 
needed which transforms the counts measured with the MSE diagnostic into the absolute 
radiance. This calibration factor is determined prior to the measurements when the 
tokamak is opened. Therefore, a long time can pass between the calibration and the actual 
measurements. In this time, the calibration factor can have changed due to the deposition 
of plasma constituents on the viewing window. In figure 4.11, the neutra] beam density 
following from the measurements and the neutra] beam density calculated with the 
attenuation code are compared. 
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Figure 4.11: Comparison between the neutral beam densities, measured with a 
combination of the MSE and CX diagnostics and calculated with the 
attenuation code, for the energy scan. 

In the figure above is also the value of the slope shown. This value is 1.79, which means 
the neutra! beam density following from the measurements is a factor 1.79 larger than the 
neutra! beam density following from the attenuation code. This factor can be caused by: 

1. The data used for the attenuation code is wrong. 
2. The data used to calculate the neutral beam density from the measurements is wrong. 
3. A combination of the first two points is possible 
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The data meant in the first point could be the stopping cross section or beam parameters 
used in the attenuation code. The data meant in the second point are the calibration factor 
and the effective cross section for BES from the ADAS database. 
If the first point is correct, nothing has to be changed about the method to determine the 
impurity concentration with CX and MSE. If the second point is correct than this can be 
caused by three reasons: 

1) The absolute calibration factor used to get the intensity from counts into units is a 
factor 1.79 too small. 

2) The effective cross section for BES in the ADAS code is a factor 1.79 too small. 
3) A combination of the first two points. 

The first reason has consequences for the effective ion charge calculated with the 
bremsstrahlung. The bremsstrahlung would decrease by a factor of 1.79 and this would 
mean that the effective ion charge would also decrease by the same factor. The impurity 
concentration and the effective ion charge deterrnined with a combination of both 
diagnostics do not change if the calibration factor is changed. 
The second reason would mean, if the effective cross section for charge exchange is right, 
that the impurity concentrations are also a factor 1.79 larger than deterrnined above. This 
has the consequence that the effective ion charge calculated with equation 2.43 also will 
increase. The effective ion charge deterrnined from the bremsstrahlung does not change if 
the effective cross section for beam emission spectroscopy changes. 
It is also possible that a combination of first two reasons is true. In this case a 
combination of the consequences mentioned above will occur. 
The influence of the absolute calibration factor and the effective cross section for BES 
can be checked by comparing the effective ion charge calculated from the 
bremsstrahlung, with equation 2.36, with the effective ion charge following from the 
impurity densities. In figure 4.12 both effective ion charges are shown. 
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Figure 4.12: Comparison between Zeffi calculatedfrom the bremsstrahlung andfrom the 
impurity concentrations, for the energy scan. 
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As can be seen in figure 4.12 is the profile the effective ion charge for both methods the 
same. The only difference between both is that Zeff determined with the bremsstrahlung is 
a factor 1.1 higher than the Zeff determined with the impurity concentrations. The 
effective ion charge determined with the bremsstrahlung has to be higher or equal to the 
effective ion charge determined with the impurity concentrations, since other impurities 
which are not measured can contribute to Zeff· However if the two ion charges would be 
equal this would mean for the absolute calibration factor that it is maximal a factor of 1.1 
too small. For the effective cross section for BES this would mean that it would be 
maximal a factor of 1.2 too small. 
Both the calibration factor and the effective cross section are not able to equalise the 
measured and calculated neutral beam densities, since here a factor of 1.79 is needed. To 
equalise both one needs to look at possible errors in the data inserted into the attenuation 
code. This code gives a linear relation of the neutral beam densities with the measured 
neutral beam densities. Since the stopping cross section has an exponential effect on the 
neutral beam density, it is hard to believe that there is an error in these cross sections. So 
the error has to be sought in the data inserted to calculate nb(O). This could also be a 
factor of 1. 79 too small. 

Besides the impurity density, the effective ion charge and the neutral beam density the 
power fractions for the energy scan can be determined. In figure 4.13, the fractions of the 
full , half and third energy beam components are plotted. 
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Figure 4.13: The power fractions plotted versus the beam energy for the energy scan. 
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As can be seen in this figure the full energy fraction increases by increasing beam energy. 
The other two energy fractions both slightly decrease by increasing energy. This is 
caused by the neutralisation cell, which neutralises more high energy particles at higher 
energies than it neutralises lower energy particles at higher energies. 
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4.2.3. Density scan with only neon puffed in 

This density scan is performed to test the cross sections of the ADAS system. During this 
scan, the electron density is increased by increasing the deuterium concentration in the 
plasma. The central electron density during the shot serie varies between 3.9 and 6.5 1019 

m-3 and the energy of the neutral beam during the shot serie is about 43 keV. Neon is 
puffed in during the shots until the measured intensity emitted by the neon ions reached a 
certain level , which is constant for all shots of the serie. Measured during the shots are 
the bremsstrahlung and the carbon and neon concentrations. During the different shots 
the calibration factor had the value 7.9 ± 0.7. The bremsstrahlung measured with the CX 
setup is given in figure 4.14. The y-axis of this figure gives the counts measured with the 
setup divided by the electron density squared. The y-axis is chosen this way since the 
bremsstrahlung is proportional to the square of the electron density, see equation 2.36. 
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Figure 4.14: The bremsstrahlung divided by the electron density squared, in arbitrary 
units, versus the electron density fo r the density scan. 

As can be seen in the figure above the bremsstrahlung divided by the electron density 
squared decreases with increasing electron density. So it is expected that the effective ion 
charge, for this density scan, determined with the impurity concentration and the 
bremsstrahlung will also decrease with increasing electron density. 
With the relative calibration factor determined out of the bremsstrahlung measured with 
both diagnostics the impurity concentration can be determined. For the measurements, 
the carbon and neon concentrations in the plasma are determined at R = 1.84 m. In the 
figure 4.15 and 4.16 the carbon and neon concentrations are shown. 
As can be seen in the figures 4.15 and 4.16 the concentration of both the neon and carbon 
ions decreases. This is caused by the increase of the deuterium density. In contrast to the 
absolute number of neon ions, which decreases, does the absolute number of carbon ions 
keep almost constant by increasing density. From this follows that at higher electron 
densities less neon ions are needed to reach a certain intensity from a certain neon line. 
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Figure 4.15: The carbon concentration versus the electron density for the density scan. 
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Figure 4.16: The neon concentration versus the electron density for the density scan. 

With equation 2.43, it is also possible for the density scan to calculate the effective ion 
charge out of the impurity concentrations. The results of these calculations are shown in 
figure 4.17. This figure shows a decreasing slope of the effective ion charge for an 
increasing electron density as was already concluded from figure 4.14. 
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Figure 4.17: The effective ion charge versus the electron density for the density scan. 

The impurity concentrations can be tested by comparing the neutral beam density 
calculated by the attenuation code with the neutra} beam density following from the 
measurements. The principle and the calibration factor are the same as for the energy 
scan. Figure 4.18 shows the results of the calculation of the neutral beam densities for the 
two different methods. 
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Figure 4.18: Comparison between the neutra! beam densities, measured with a 
combination of the MSE and CX diagnostics and calculated with the 
attenuation code, for the density scan. 

In the figure above is also the value of the slope shown. This value is 1.46, which means 
the neutra} beam density following from the measurements is a factor 1.46 larger than the 
neutra! beam density following from the attenuation code. The possible reasons why this 

72 



slope is not exactly 1 are already discussed in section 4.2.2. The reason why the slope is 
not the same as for the energy scan can be explained by the fact that the density scan is 
performed later. In the time between the two scans the transmission of the window could 
have been decreased. So the absolute calibration factor to transform the intensity from 
counts into units, which is assumed to be the same for bath scans, could have changed. 
The influence of this absolute calibration factor and the effective cross section for BES 
can be checked by comparing the effective ion charge calculated from the 
bremsstrahlung, with the effective ion charge following from the impurity densities. In 
figure 4.19, bath effective ion charges are shown. 
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Figure 4.19: Comparison between Zeffi calculatedfrom the bremsstrahlung andfrom the 
impurity concentrations, for the density scan. 

In this figure can be seen that bath methods have the same profile for the effective ion 
charge. In contrast to what is expected has the Zeff following from BES a higher value 
than the Zeff following from the bremsstrahlung, but the difference is within the error bars 
of the measurements. So the same conclusions can be drawn as were done for the energy 
scan. 
The power fractions for the measurements of the density scan are also determined. They 
are shown in figure 4.20. This figure shows an increase of the fraction of the full energy 
component and a decrease of the half and third energy components by increasing electron 
density. The cause for this is the attenuation of the beam components. How higher the 
density how larger the attenuation. This has the consequence that less lower energy beam 
particles can reach the plasma centre. Therefore, the fraction of the lower energy particles 
decreases and the fraction of the higher energy particles increases for the plasma centre. 
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Figure 4.20: The power fractions plotted versus the beam energy for the density scan. 
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5. Conclusions 

In this chapter, the results of the measurements discussed in this report will briefly be 
described and future prospects of the two diagnostics will be given. 

5. 1. Results 

This report introduced some new methods to measure some parameters, which can be 
deduced with the MSE and ex diagnostic, like the position of the observation volume, 
the poloidal magnetic field, the effective ion charge and the impurity concentration. 

The principle aim of the MSE diagnostic is to resolve the current density of the plasma. 
This is primarily done by a measurement of the direction of the magnetic field. However 
to obtain the correct current density profile an accurate determination of the observed 
location is crucial. Prior to this report at TEXTOR only use was made of the calibration 
prior to the measurements and the Doppler shift to determine the location of the 
observation volume. In this report is shown that thjs location can also be determined with 
the Stark splitting. This method may be even more accurate than the other two methods at 
smaller major radii . The disadvantage of this method however is that it can only be used 
for shots without a plasma. By combining the Doppler and Stark methods this drawback 
can be overcome and the uncertainty in the Doppler method can be decreased. 
Knowing the position, the poloidal magnetic field can be determined with the MSE 
diagnostic . Again, two different methods are compared. The first method uses a 
polarising beam splitter, which polarises light parallel and perpendicular to the z-axis. 
The ratio of these two orthogonal intensities allows one to obtain the poloidal magnetic 
field. However, it is also shown that only one of these signals is sufficient to derive this 
quantity. In this report is shown that both methods give almost the same values for small 
poloidal magnetic fields, but differ for larger values of the poloidal magnetic field. Also 
is shown that for large values of the poloidal magnetic field, the absolute error is small 
and for small values of the poloidal magnetic field, the absolute error is large. 
Nevertheless, the accuracy is very limited since in both cases the used signal has a small 
intensity and consequently a large error. The reason for this is that the direction of the 
measured Lorentz field is close to one of the polarisation directions of the beam splitter. 
To obtain finally the current density, expressed by the safety factor q, one needs apart 
from the poloidal magnetic field the Shafranov shift and the distance from the 
observation volume to the magnetic axis. These last two parameters can be directly 
derived from the full profile of the poloidal magnetic field. However the errors in these 
parameters are at this moment that large that the safety factor determined with the used 
setup is not reliable. 

Another item addressed in this work is to proof the principle that the use of the beam 
emjssion in combination with ex will greatly enhance the accuracy in determining the 
impurity concentration and the related parameter Z eff The values of these parameters and 
the effective cross sections, used to determine the impurity concentrations, are checked. 
This is done by comparing the effective ion charge, calculated from the impurity 
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concentration, with the effective ion charge from the bremsstrahlung. In addition, the 
neutral beam densities from the attenuation code are compared with the neutral beam 
densities following out of the measurements. The effective ion charge determined from 
the energy and density scan with both diagnostics and with the bremsstrahlung is 
consistent. However, the neutral beam densities measured and calculated from the 
attenuation code differ by a factor of about 1.5-1.8. This factor is independent of the 
beam energy and the plasma density. Although no conclusive explanation could be found 
for this factor, a possible explanation might be that the width and the power of the 
injected beam differ from earlier testbed measurements, which were used as input in the 
attenuation code. Nevertheless is proven in this report that the determination of the 
impurity density with a combination of the two diagnostics is possible and accurate. 

5.2. Future prospects 

A new setup is already under construction . This setup will look with both the MSE and 
CX diagnostic from behind the neutral beam. So both diagnostics look at the same 
observation volume with a good radial resolution. 
The MSE diagnostic is improved by using only one polariser, which is placed under an 
angle of 45° with the z-axis . In this way, the intensities of the parallel and perpendicular 
polarised light are of the same order. Since the poloidal magnetic field is determined 
from this ratio, the error in this parameter is much reduced. Further, this might allow to 
determine the radial electric field and to construct a safety factor profile with this new 
setup. 

Although it was shown that the impurity concentration can be determined with the 
proposed method, it is still unsatisfactory that an incompatibility exists with the results 
from the beam attenuation. This might be resolved by a better characterisation of the 
neutral beam. Therefore, it is proposed to measure the beam diameter with a vertical 
array of fibres . An even better method, requiring more effort, might be injecting the 
neutral beam into an empty tokamak with a carbon plate placed perpendicular in the 
beampath. Observing the temperature change of this plate with an infrared camera would 
then result in a measurement of the beam power profile. 
Further it could be possible to improve the setup somewhat further as is described in 
section 3.1.5. This way the radial electric field can be determined with an even higher 
accuracy. In addition, an in situ calibration method could be developed to improve the 
absolute calibration to translate the intensity measured in counts to units. 
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