Measurements of Ion Temperature and Plasma
Rotation Profiles by a Helium Beam in TJ-II

Master Thesis
presented by
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Thesis Promoter
Jose Ramón MARTÍN SOLÍS
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Abstract
In the last two decades the development of He beam diagnostic technique has
lead to its routine usage for electron density ne and electron temperature Te
profile measurements at the edge and SOL regions of the plasma in numerous
fusion devices. In the present work, a possible broadening of its usage towards
ion temperature Ti and plasma rotation profiles is reported, as continuation of
previous work Guzmán et al. [1].
Measurements were obtained in various observation geometries - toroidal,
poloidal and radial. Toroidal measurements were done for the observation of
toroidal rotation profiles and verification of Ti model calculation. Poloidal
measurements were an additional measurement for the possible observation of
strong poloidal rotation, so that they could be included in the Ti model calculation. Radial measurements were planned as a final step towards obtaining a
full Ti profile at the plasma edge of TJ-II stellarator.
Numerous data were collected, the most representative being shown here.
After comparing with results from other diagnostic techniques, a systematic
underestimation has been deduced for all Ti estimations. Toroidal profiles
showed some shear-like behaviour, which depend on some basic plasma parameters.
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Chapter 1
Introduction
Taming of nuclear fusion reactions for peaceful energy usage has been a huge
field of research for more than 60 years. Many sub-disciplines have emerged
from this over the years, e.g. fusion materials, high temperature plasma wall
interaction (PWI), plasma transport (classical, neoclassical, anomalous, turbulent), plasma diagnostics, magnetohydrodynamics (MHD), etc. This report
deals with one branch in particular: plasma diagnostic techniques and it is
focused on the development and expansion of the supersonic He beam.
Generally, atomic beam diagnostics is a technique widely used for measuring plasma edge parameters in fusion devices. It was shown that He beam
can be used for determining electron temperature Te and electron density ne
at the edge of plasma. Supersonic He beam, which is the upgraded version
of the thermal He beam due to its better particle velocity and spatial distributions (which are narrower), is nowadays routinely used for measurement
of Te and ne at the plasma edge of the stellarator TJ-II. This diagnostic has
been developed for more than a decade on TJ-II, mainly for proving validity of
collision-radiative (CR) model which is used in the determination of particle
densities from measured spectroscopic signals.
This project is about broadening the usage of supersonic He beam diagnostics at TJ-II. More precisely, it should show that this diagnostic technique
can also be used for ion temperature measurements at the edge of plasma
and rotation profiles of plasma. Ion temperature in fusion devices is conventionally measured by passive Doppler-resolved spectroscopy, charge exchange
recombination spectroscopy (CXRS) or retarding field analyser (RFA) electric
probes. The first two techniques can be used just for inner plasma measurements, because they are sensitive to other line-broadening mechanisms at the
plasma edge which makes them unusable in this region. And finally, RFA probe
perturbs plasma (as any other probe) if inserted beyond the last closed flux
surface (LCFS). So this paper will discuss a non-perturbative and nonintrusive
edge plasma ion temperature diagnostic technique for a fusion device. Beside
this advantages, this technique also gives data with good spatial and temporal
resolution. The next list consists of important facts about the supersonic He
beam usage upgrade:
5
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• Obtain some knowledge of ion fluctuations
• Better estimation of radiation losses
• Better estimation of heat and particle diffusivity
• Better estimation of impurity fluxes and influxes
• Obtain more reliable parameters for plasma transport modelling
• Evaluation of plasma stability
• Versatility of diagnostic technique

Of course, this paper is not presenting a general solution for the mentioned
problems, but their main drawbacks and potential solutions will be introduced,
showing that proposals made before are meaningful, together with the future
of this matter.

1.1

Target Group

The main target audience of this paper are future MSc and PhD students who
will continue working on this matter. So beside listing the results, it will also
contain as much information possible which will be useful for future students.
Therefore, making their understanding of the subject easier.

1.2

Personal Motivation

As I was growing up as a enthusiastic future scientist I realized that I wanted to
do something practical, if possible to be helpful to a lot of people. Also I wanted
to work on something experimental, but not to lose track with theoretical and
computational physics. Following this, I have joined nuclear fusion research.
What can be more practical and helpful to as many people possible than new
long-lasting energy source? Furthermore, during my studies, testing, analysing
and developing new ways of diagnostics, were the things that attracted me the
most. All this made this Master thesis perfect for me to be eager and motivated
to work on it.

1.3

Research Method in Brief

For rotation profiles, it will be simply observed how He+ ions are behaving
according to their source He neutrals. Then from general plasma parameters
and well-known TJ-II physics, we will make some preliminary conclusions.
Ion temperature calculations are based on determining thermalization time
of He+ ions, coming from ionized beam injected He neutrals, with plasma ion
species. The idea is simple, with proper choice of loss rates, in principle, ion
temperature should be calculated.

1.4 Structure of the Report

1.4
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Structure of the Report

In Chapter 2 the relevant theory is presented, discussing some references of
particular interest. Chapter 3 explains the needs of fusion energy, continues to
explain the main aspects of nuclear fusion and finishes by introducing the TJII stellarator as the basis of this project. Next Chapter 4 explains in detail the
engineering, technical and data analysis part relevant for this report. Results
and their analysis is done in Chapter 5. In final Chapter 6, conclusions and
future work are outlined. Relevant coefficients for this project can be found in
Appendices.
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Chapter 2
Literature Review
In this chapter the main literature will be mentioned, together with its context
relevant for this work and some of references will be briefly explained. First, a
general story on atomic beam diagnostics, followed by He spectroscopy. Then
CR model - possibly the core of He beam diagnostic. And last but not least ion edge transport analysis. At the end of the chapter, summary of previous
achievements of supersonic He beam at TJ-II is written.

2.1

He Beam Diagnostics

It is logical to start with literature for He beam diagnostics, beginning from the
general atomic beam, across the He beam usage and finishing with upgraded
supersonic He beam diagnostic used in TJ-II.

2.1.1

Atomic Beam Diagnostics

If reader is interested in general atomic beam diagnostic ideas, the most obvious choice to start is with Hutchinson [2]. Some usages of this technique
are mentioned, also its advantages and drawbacks. Section 8.2 has a nice introduction to the topic, explanation of beam attenuation (8.2.1) and doping
species, explicitly lithium beam (8.2.3).
One of the most important works in atomic beam diagnostics is done by
Hintz and Schweer [3], where basics of atomic physics are explained, as its
application through Li and He beam, and three ideas for improvements of this
technique are introduced (one of them is supersonic beam).

2.1.2

Electron Temperature and Density Profiles

One of the pioneer works in these measurements is done by Schweer in TEXTOR [4]. Continuation of this is already mentioned in previous part, work by
Hintz and Schweer [3], where some basic ideas of atomic beam application are
explained, and the main stress is on electron density ne and temperature Te
profiles measurements at the edge.
9
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Shortly, but clearly in Hidalgo et al. [5] the reader can find how ne and Te
profiles are deduced.
Profiles of Te and ne in H-1 heliac (explained later) plasma can be found in
Shuiliang et al. [6]. Interesting 2D measurements of ne and Te profiles in JET
with thermal He beam diagnostics can be found in Davies et al. [7]. It should
be mentioned that in that paper they used the same neutral He lines which
will be used in this paper.
In [8] the reader can find a way how to measure ne and Te with different
neutral He lines than used at TJ-II He beam diagnostics.
The design and the idea of fast He beam diagnostics is described by Menhart et al. in Vienna [9].
An example of Te and ne measurements in plasma edge of reversed field
pinch (RFP) device can be found in Carraro et al. [10].
Measurements of ne and Te profiles in divertor simulator device are done
in South Korea by Jung et al. [11].
In Collis et al. [12] is the measurement of Te profile along the whole line of
sight (not just edge) with pulsed supersonic He beam described in Andruczyk
et al. [13]. But He lines used for ratio in this work are not the same ones as in
TJ-II.
If the reader is interested in Li beam application and results on TJ-II, these
can be found in the Brañas [14]. In the beginning the Li beam diagnostics was
used more for ne profiles than He beam, because it was more precise1 . So it
could be good for the reader, by reading this, to convince him that He beam
has improved and gives reliable data.

2.1.3

Supersonic He Beam

In the work by Hintz and Schweer [3] as improvements of their He beam diagnostics, a supersonic He beam is introduced and explained briefly. As one
can see until now, this article can be considered as the most important for its
introduction to atomic beam diagnostics.
Testing and extensive description of supersonic He beam source on TJ-IU
torsatron is reported by Tabarés in [15, 16]. These are the first publications
on He beam diagnostics in CIEMAT, Laboratorio Nacional de Fusión.
Application and results of supersonic He beam on TJ-II can be found in
the work by Brañas, [14]. Its setup and details are explained in several works,
e.g. [14, 5, 17, 18, 1].
Complexity of design and manufacturing pulsed supersonic He beam source
can be found in [13].
1

Now coating of the TJ-II wall is done with Li, so the background is too large for these
measurements.

2.2 He Spectroscopy

2.2
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He Spectroscopy

As this technique is still spectroscopic, it is needed to devote some time to
spectroscopic measurements of helium’s atom and ions lines. With delicate
search, it is possible to find some better lines for reaching our goal.
In [2] an introduction to beam emission spectroscopy can be found in
§(8.4.1) and the calculation of atomic rates for beam diagnostics in Appendix
5. Furthermore, a broader but still simplified explanation of this topic can be
read in ref [19]. It gives a excellent introduction to excited-state population
modelling, but one should be aware that this work cannot be applied to the
present one, because it discusses hydrogen atom and high energy beams.
Fujimoto [20] has done the measurements of neutral He in positive plasma
column and comparison with calculations. In [21] Fujimoto shows some figures
with experimental data for neutral He lines, and refers to articles leading to
them. After more than 20 years Goto revisits Fujimoto’s work in [22] and does
the experiments in similar manner.
In refs [5, 11] the reader may find schematic graphs of He I 2 lines used for
this diagnostic. Table of first 19 terms of neutral He can be found in Ballance
et al. [23], also as some spectroscopy difficulties for He.
For further reading about He spectroscopy I recommend Boivin et al. [24].
Rich spectroscopic data and measurements for neutral He can be found in
Sawada et al. [25]. Some measurements of neutral He lines and its comparison
with CR model can be found in Goto and Fujimoto [26].
In ref [27] it is shown how to experimentally determine which He line is
best for diagnostic application.
Finally something about He+ ion lines - in Kohsiek [28] measurements of
468.6 nm He II line can be found, and this is the line which will be used for
our analysis. Also in Arata et al. [29] Stark effect on 468.6 nm He II line is
described. Probably the most important paper for this topic is done relatively
recently by Nishijima et. al. on PISCES-B linear divertor plasma simulator,
and results are published in [30].

2.3

Collision-Radiative Model

From real the experiment we get line intensities of a particular He atom and
ion excitations. One of the spectroscopic tools used for going from this line
intensities to some meaningful plasma parameter, so-called collision-radiative
(CR) model is needed. The name comes from the fact that population distribution of atom excited levels, as well as its excitation lines, are determined by
collisional and radiative processes in plasma.
2

He I is spectroscopic notation for neutral He lines, He II once ionized, He III double
ionized, etc.
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General Idea

A very extensive article about this topic is done by Sawada [31], it is entirely
devoted to CR hydrogen analysis and calculation. But in Appendix B the
formulas for changing to hydrogen-like ions are also given.
A systematic explanation of CR model can be found in Shuiliang [32].
A brief introduction about this topic can be found in [24]. A very good
introduction to this kind of calculation and equation examples on hydrogen is
explained in Goto et al. [33]. By the same author, brief introduction to CR
model can be found in Goto et al. [34].
In above mentioned work by South Korean team [11], the line intensity
ratio and the CR model method are very well explained, also as its limitations
and conditions.

2.3.2

Application on He

One of the pioneer articles in this topic, for neutral He, was done by Fujimoto [21] more than three decades ago. As already mentioned above in [22]
updated version of this calculation can be found. The last one is also rich
with figures of CR calculations. A significant improvement in the CR model
calculations for the neutral He was done by Brix [35].
In ref [5] explanation of the CR model can be found, as well as its application on He and how to validate its reliability.
A brief review of CR model formulas for neutral He can be found in [25, 11].
The problems of the application CR model on He beam diagnostics are
briefly exposed in [5].
Results from some He I and He II lines are shown in [33], and its possible
improvements are commented. Also the experimental application of these lines
is shown for plasma parameters range similar to those at the edge of TJ-II
plasma.
CR model calculations for He ion can be found in [34], same as for neutral
hydrogen and helium.
Effects of Te and ne plasma fluctuations on CR calculations are published
in [32].
Boivin, in the already mentioned article [24], did lots of calculations with
the corona model and the CR model. Also he compared the results and showed
limitations of corona model.
Even though He lines are not the same ones used in this paper, in ref [8] a
good introduction and an example of using the CR model on He is discussed.
Results of different mathematical tools for the calculation of the CR coefficients are explained in ref [23], as well as a brief derivation of the CR model
applied on He.

2.4 Ion Analysis

2.3.3
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Databases

All spectroscopic coefficients used in the current report are from public OPENADAS database http://open.adas.ac.uk/. Extensive explanations of what
is behind the numbers given in the database can be found in Summers et
al. [36]. In Behringer et al. [37], recommended on ADAS website, an extensive
work on theory behind all of stored data can be found. An explanation of
ADAS database usage can be found in [9].

2.4

Ion Analysis

Due to the fact that we are observing photon emission of ions, it would be
good to introduce some papers about their transport. It is important, due to
the fact that our observed ions are in an electromagnetic field, which makes
them all but stationary, to use some kind of transport model in this work.
Most of the topics are referred to impurity transport, either they were injected
or already existed in the plasma. Even if most of this articles are not used in
the present work, they are here to give possible idea and guidance for future
researcher on this matter.
Behaviour of carbon (C+ and C2+ ) ion impurities in He2+ and D+ plasmas
are shown by Pithcer et al. in [38]. An analytical model for its transport is
part of Pitcher’s PhD thesis [39] in Section 10.5, but it is good to know that
he has also done He+ ion impurities transport in his PhD, besides C.
Parallel transport of B+ and Al2+ ions in He+ plasmas in shown in Hollmann [40], also a comparison with the theoretical model is introduced in
ref [41]. It gives a good idea to in which direction to think.
Observations of toroidal and poloidal transport in TJ-II are shown in
Tabarés et al. [42] observed by He beam diagnostic and Zurro et al. [43] observed by laser blow-off technique.

2.5

Summary of Previous Achievements

The helium line intensity method (by either background or beam injection
spectroscopy measurements) has been used to measure ne and Te in many fusion devices beside TJ-II, e.g. TEXTOR (Tokamak EXperiment for Technology Oriented Research), JET (Joint European Torus), JT-60U (Japan Torus60 Upgrade), and LHD (Large Helical Device), as well as in some linear devices, e.g. NAGDIS-I (NAGoya DIvertor Simulator I), NAGDIS-II, MAP-II
(Material And Plasmas II), PISCES-A and PISCES-B. There have been various technologies and models that were developed for the implementation and
analysis of this diagnostic technique - He beam injectors and CR model for He
neutral being the most important ones. More precisely, at the supersonic He
beam used at TJ-II, a lot of work has been done in past 16 years. From the
testing of the supersonic He source started by Tabares, Tafalla et. al. 1997

14
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at [15], over the checking and questioning its results during next decade with
various co-workers [14, 17, 18, 5], to the validation of the CR model used as
core model for this diagnostic technique [44]. Thankfully to all of this, supersonic He beam diagnostics is routinely used now in TJ-II stellarator. Finally
it came to the point of extending its usage [1, 42].
The aim of this paper is the further development of He beam diagnostics in
the direction of determining the plasma edge ion temperature and the plasma
rotation profiles. As it can be seen from relatively numerous literature from
above, this is a unique attempt in the fusion society. In difference with routinely He beam diagnostics usage, here the intensity of He II line λ =468 nm
will be measured. From all references mentioned in this Chapter, it can be seen
that there is not so much work on the line spectroscopy and CR modelling for
singly ionised helium. This is the reason why there can be loads of problems
due to lack of data or huge data relative errors.

Chapter 3
Nuclear Fusion and Engineering
Physics
Richard Smalley reported on MIT Enterprise Forum 2003 so-called ”Humanity’s Top 10 Problems” and among all of them energy was the first on the list.
Some people will probably not agree with that, they would choose water, or
even food or something else from the list. But we should all agree on the fact
that energy is unique, in a way that with sufficiently enough amounts of energy
- all other problems from the list can be solved. In this chapter the problematic and one solution to this topic will be briefly reviewed in the beginning,
and then slowly going towards nuclear fusion, its advantages and drawbacks.
Finally, there will be a word about the fusion device TJ-II, where experiments
from this report have been done.

3.1

Energy Needs

Numerous estimation exist for how human society will look alike in the near
and far future. What is common to all of them is that population will rise
(of course if some apocalyptic event does not occur) in the near future. Most
of these estimations agree that around 2050, the human population on Earth
will be between 9 to 10 billions (in comparison to current 7 billions). What is
more important is that currently developing countries will be most probably
developed, and already developed countries will at least stay at current level
- all of this makes water and food (as the 2nd and 3rd problems by Richard
Smalley) consumption bigger not by factor of 9/7 or 10/7, but by 2! And
to have this amount of water and food, energy is needed, but how much? In
the most optimistic scenario it is ”just” twice as now [45]. By some more
realistic calculations this factor should be 3-4 [45, 46], which is a huge amount
of energy. How will we get it? In this section current energy production and
its role in future will be briefly described (advantages/disadvantages), as some
new energy production proposals.
Let’s first see what are the properties that futuristic energy source should
15
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have:
• The resource should be renewable or at least virtually inexhaustible and
reachable for everyone
• The process should be efficient and economically acceptable
• The energy conversion should not make greenhouse gases (CO2 , etc.)
• The surface covered by power plant should be small enough - big energy
density
• It should be environmental friendly (no, or as less radiation and polluting
by-products/wastes as possible)
• Public acceptance and involvement is always desirable
By far we can split energy sources in three categories: fossil fuel, renewable
and nuclear power.
Let’s start with historically first - fossil fuels. All of them have common
disadvantages as greenhouse effect and polluting waste. Coal is used mostly
among them. Coal has one huge advantage above the rest - it is cheap, this
is why it is extensively used worldwide. Another advantage is that there is
enough resources of it for more than 100 years for sure [46, 47]. An additional disadvantage is that some reasonable energy loaded convoys of trains
are needed. The ext fossil fuel is natural gas - it’s advantages in production of
electricity are that it burns the cleanest of all the fossil fuels (but it is still polluting and has greenhouse effect) and it is also cheap. Disadvantages are that
its resources will be probably drained in less than 100 years and it is not evenly
distributed around the world. But beside all of this about natural gas, people mostly think that it should not be used in electricity production anyway,
because it is more convenient for heating homes and facilities. Oil is the last
fossil fuel mentioned here, it is rarely used for electricity production. Mostly
it is used for transportation and sometimes for heating instead of natural gas.
Its advantages are large energy content and mobility. Due to this it will be
hardly replaceable, but it has to be due to its resource vanishing (estimations
are that we will have oil just for few more decades). Other disadvantage is
allocation over the world.
Next one to discuss are renewable energy sources. As their name says, they
already have one large advantage as their resource is practically infinite, and
also they do not have greenhouse effect. But of course there are some huge
drawbacks to be said about the most popular ones. The most widely used
renewable energy source is hydroelectric power plant. And it has numerous
advantages such as large energy density, high efficiency, low cost and continuous power source (except during extreme drought). But two big disadvantages
appear - almost all suitable places for dams are already in use (highly limited)
and reservoir lake floods a lot of valuable land for agricultural production or

3.1 Energy Needs
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destroying ecosystems. Next one to mention is wind power, which has advantages such as high efficiency and price is tolerable. But there are plenty of
disadvantages - wind doesn’t blow all the time everywhere and it should not
be too weak (low power production) or too strong (the wind turbines can be
broken), large numbers of windmills cover huge land area, public is disturbed
by their noise and aesthetic look, and finally they are harmful to the birds.
Now let’s mention solar power. It would be the perfect source due to fact that
the Sun is always up once per day around whole Earth, but there are some
disadvantages - the sun is not shining always and there can also be clouds
during a day, same as for wind large surface areas are needed, and due to lack
of technology it is expensive. Last renewable energy to be mentioned here
is biofuel, which is one of the possible alternatives to oil (next to hydrogen
and electricity). Problem here is that there is not enough land surface for
growing sufficient amounts of crops for both food and biomass, so of course
food gets the primacy. Furthermore, even if there would be enough space for
both, food and biomass - biofuel is a larger greenhouse gas producer than any
conventional fossil fuel energy sources.

The youngest amongst all power resources is nuclear power. Nuclear fission
is widely used by developed countries, for example in France it makes 78% of
all electricity production. Its advantages are no greenhouse effect and polluting
gasses, high energy density and low amounts of fuel usage, the resources of U235
will exist for sure at least two centuries with breeder technology, and with more
advancing in fission technology some other resources could be used. Power
plants safety is a tricky question in the sense of who you ask to - professionals
will say that it is safer than any other type of power plant and public would say
the opposite. Clear disadvantages are radioactive nuclear waste and nuclear
material proliferation. Finally we come to the nuclear fusion as power source.
It has almost all advantages from the start of this section - with enough of
research effort, resource could exist for 2 billion years (more than enough), it
is almost completely environment friendly (no greenhouse effect, no polluting
gasses and low radiation activated materials), high energy density and, even
though public may not accept it at first due to the word nuclear, it is completely
safe. The only drawback of the fusion is that there is still a large technological
step which should be made, so that it can be used in commercial purposes.
More precisely, it is still not shown that it can be used commercially.

One of the important factors which should be mention here can help in
reducing magnitude of the problem is conservation of energy. Of course it
cannot solve the problem, but at least it can give more time for scientists and
engineers to come out with the solution. Education and rising conscience of
the consumers should also be done.
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3.2

Nuclear Fusion

Nuclear fusion (as it’s name says: nuclear=nucleus; fusion=joining/merging)
consists on joining of two light nuclei into a new nucleus, that is heavier than
the first two, and usually with some additional lighter by-product. It is shown
experimentally that most stable nucleus in nature are those around atomic
number 60, in other words their mass per nuclide (proton or neutron) is the
smallest. The famous Einstein’s relation E = mc2 directly converts mass to
energy and vice versa. The difference of masses between nucleus constituents
and new nucleus itself is called binding energy. Finally, if we have the joining
of two light nuclei, binding energy of the new one will be positive, so there
will be production of energy. It is easy to show that this energy is distributed
reciprocally to the masses of the new nucleus and the by-product(s), which
means that by-product will get more energy. In the main nuclear fusion reactor
design, the energy of by-product should be used for energy production and the
energy from the new created nucleus for process self-maintenance.
To be more precise, here are the most interesting fusion reactions for near
future reactors1 :
D + T → α + n + 17.6 MeV
(3.1)

 He3 + n + 3.27 MeV
D+D →

T + p + 4.03 MeV

(3.2)

D + He3 → α + p + 18.3 MeV

(3.3)

Energy written in the equations is the one which comes from the difference in
masses of reacting nuclei. The amount of energy is huge for atoms of this size.
For comparison, even though the energy released in fission reactions is larger,
the energy density or the energy per mass unit is smaller. In fact, only direct
conversion of mass into energy (e.g. particle annihilation) could produce more
energy per unit mass than in the fusion reaction [45].
Now, let’s go back to the nuclear equations above. First one to be discussed
is the D-He3 reaction 3.3. As it can be seen it has the largest energy released of
all of the reactions written and both of its products are charged particles. The
last fact has two important consequences - it is easier to manipulate charged
particles and the material activation is very low because there is almost no
neutron production (there still can be some D-D reactions). But this reaction
is hard to obtain due to lack of He3 on the Earth2 and relatively low crosssection to occur. Next one is between two deuterium nucleus, so called D-D
reaction 3.2. This is maybe the ultimate goal for fusion, due to deuterium’s
practically unlimited source. But since it is the one with the highest temperature for its cross-section maximum and it also has the lowest cross-section
1

Near future refers to at least one century. There is a plan for fusion reactors with very
low neutron emission, but this technology, at least for now, seems too far away.
2
There are some amounts of it on the Moon
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from the equations above, it is difficult to obtain this reaction. Finally we
come to the D-T reaction 3.1, which is in centre of attention of current fusion
research. It is the most probable reaction for the first fusion reactor, due to
its highest cross-section maximum and lowest temperature for its cross-section
maximum. The drawback is that the super heavy isotope of hydrogen (tritium
- T) does not exist in the nature due to its short half-life of 12.26 years.
After all of this we know just which particles to use in our reactors, or said
in other way - we determined what will be our fusion fuel. Next problem is how
we get fusion reactions. As it is said at the beginning, fusion is the joining of
nucleus, which are completely electronless and so positively charged. To join
two positive particles and win the fight against strong repulsive Coulomb force,
high temperatures (an order of magnitude higher than the temperature in the
core of the Sun) are needed. But this is not all, reaction should have such power
rate production that it produces more energy than it consumes and finally it
should sustain itself with self-heating from the produced alpha particles. The
point when the process becomes self-sustained is called ignition, in analogy
with fossil fuel burning. The condition for reaching ignition is known as ’triple
product’, and for D-T reaction it is3 :
nT τE ≥ 5 × 1021 m−3 keV s

(3.4)

where n is particle density, T particle temperature and τ is energy confinement
time.
As said in the previous Section 3.1, there are major technological problems
for achieving fusion. Knowing all mentioned above now we can review some
nuclear problems more closely. Temperatures needed for reaching fusion are
108 K, so first question that arises is, where to keep all this plasma. There
is no material on the Earth that does not melt for temperatures higher than
4000 K. So the containing problem should be solved in a way that plasma
doesn’t touch the wall. The ways how to do this will be discussed in next
paragraph. Anyway, there will be for sure huge gradients of temperature and
as Prof. David Newman would say: ”Nature doesn’t like gradients!”, due to
this - plasma will try in any possible way to reach thermal equilibrium with
surroundings. The next major problem are neutrons. When neutrons react
with the material, they change it’s properties and can lead to appearance of
radiation in those materials. So, materials should be carefully chosen in a
way of high heat resistance and low activation. Furthermore, neutrons should
breed with lithium (Li) in the blanket around plasma to make T. Due to all
these problems plasma is not making it easy for us either. Plasma as a physical
system is extremely complicated and it is very hard to keep it how one wants.
It is very hard to keep plasma confined, like a little naughty child, it will do
whatever you do not want it to do.
There are numerous ways of confining fusion plasma, but the two most
promising ones are inertial and magnetic fusion confinement. Inertial confinement consists on compressing solid targets with lasers and creating very dense
3

https://www.efda.org/glossary/triple-product/

20

3. Nuclear Fusion and Engineering Physics

plasma. This technique is of newer date and hasn’t yet showed if it is possible
to be used for doing fusion or not. But it is very interesting for military purposes due to fact that equations describing this physical system are exactly the
same as for thermonuclear bomb. The magnetic confinement uses magnetic
fields to keep the plasma inside the vessel and it deals with low density plasma.
With this technique it was already shown that fusion is possible, but now there
is a step to show that it can be used in commercial energy production. Due
to this, next section will be devoted to magnetic confinement.

3.3

Magnetic Fusion Confinement

The main idea, as much simple as it is, is brilliant! One of the above problems
is that temperatures of plasma are too high, so we put it in a magnetic field to
keep it away from interacting with the wall. Of course, the practical construction of this is not so simple. Historically, there are many magnetic confinement
devices(e.g. pinches, mirrors, field reverse configuration (FRC), spheromaks,
reverse field pinch (RFP)), but the two most promising for the fusion reactor
design are tokamaks and stellarators. Both of them have toroidal geometry,
but differences will be mentioned soon. Most of the other magnetic devices are
still in use, but not as future reactor design, more like devices for some particular plasma research (e.g. divertor plasma simulation, MHD instabilities,
diagnostic testing, etc.).
Tokamaks were, for the first time, made by Soviet scientists at Kurchatov Institute during 1950s. The name comes as abbreviation from Russian
language for ”toroidal chamber with magnetic coils”. In bare beginning they
showed unbelievable results in comparison to all other magnetic devices and
until today they stayed as a main candidate for fusion reactor. The two devices
uptodate that had D-T fusion reaction done in significant amounts are both
tokamaks - JET (Joint European Torus) in UK and TFTR (Tokamak Fusion
Test Reactor) in USA during 1990s. The first fusion reactor which should
operate in approximately ten years is also a tokamak - ITER (International
Thermonuclear Experimental Reactor). By predictions it should give ten times
more energy than it consumes, but it would not be connected to the power
grid.
The basic principle of tokamak is like in a transformer - there is a primary
winding and plasma has rule of secondary winding, which leads to the existence
of current in the plasma. Plasma is confined in the tokamak chamber using
poloidally oriented coils (which are called toroidal coils in fusion literature)
to make a toroidal field Bθ , and it is already said that plasma by itself has
a current and this current produces a poloidal field Bφ . Those two magnetic
fields create a torus (doughnut) shaped magnetic field with helical field lines.
For increased stability, toroidally oriented coils (poloidal coils in fusion literature) are added for position control. This is a very basic concept of tokamak
operation and no more details will be devoted to it.
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Next fusion device concept are stellarators, originally introduced by Spitzer
in 1951. The name comes from the Latin word for the stars - stella, due to
fact that nuclear fusion powers them. Different from tokamaks, in stellarators
plasma is confined solely by currents from outside or in other words there is
no current in stellarator’s plasma. Also they are pure 3-D devices, whereas
tokamaks have rotational symmetry around the primary coil (and hence 2D approximation can be applied). This kind of device has advantages and
disadvantages in comparison to tokamak, but they will not be interpreted here.
But if in some case ITER shows as a failure, stellarators are next natural choice
for fusion reactor.
Due to complexity of stellarator design, there are different types of them:
1. Racetrack stellarator (first model): its magnetic axis has 8-shape;
2. Classical stellarator: its magnetic axes has circular shape;
3. Torsatron: it has a continuous helical coil;
4. Heliotron: it has helical and poloidal coils;
5. Heliac: its magnetic axis follows a helical line, in contrast to all previous
ones;
6. Modular stellarators (Helias): improved version of Heliac; its magnetic
coils are twisted, so that they make both, poloidal and toroidal field;
The modular stellarator is the main stellarator candidate for fusion reactor.
There is an interesting historical fact that stellarators were invented a few
years before tokamaks, and that huge success of tokamaks suppressed development of stellarators for a few decades. Even so, today they do not lag behind
tokamaks too much with their development.
After mentioning basic concepts of building a fusion device, it could be
good to say something about construction/engineering problems. To reach
ignition, large magnetic fields will be needed. To reduce the ohmic losses
in the coils, superconducting coils should be used. And it is a well known
fact that superconductivity of coil has upper limiting value of magnetic field,
which makes constraints to magnetic field intensity. Next one is the fact that
chamber surrounded by various coils, leads to huge structural stress amongst
them. So, a very careful job should be done on mechanical support of the
whole structure.

3.4

TJ-II Stellarator

TJ-II is helical medium size, fusion device located at CIEMAT4 , Madrid in
Spain. The flexible heliac TJ-II was designed on the basis of calculations
4
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Figure 3.1: TJ-II magnetic coils with plasma
performed by the team of physicists and engineers of CIEMAT, in collaboration
with the Oak Ridge National Laboratory (ORNL, USA) and the Institut für
PlasmaPhysik at Garching (IPP, Germany) [48]. First plasmas were obtained
in December 1997 and from then on it has been fully operational.
The main characteristics of TJ-II are [49]: (a) strong helical variation of
its magnetic axis; (b) very favourable magnetohydrodynamic (MHD) characteristics with potential for high beta operation; (c) flexibility in operation and
(d) bean shaped plasma cross section. The attribute ”flexible” comes from the
fact that it has high degree of magnetic configuration flexibility (rotational
transform ι can vary from 0.9 to 2.5, magnetic well from -1 to 6% and plasma
volume from 0.6 to 1.1 m3 [50]). Beside all this it is four period, low shear helical device with next main fusion device parameters: major radius R = 1.5 m,
minor radius a ≤ 0.22 m, toroidal magnetic field B ≤ 1.2 T.
The above mentioned bean shaped plasma is gained with the following set
of coils [51]:
1. Central coils (CC) - create dipole field, with l = 1 winding;
2. Toroidal field coils (TF) - create helical field around CC; they define the
periodicity of the device;
3. Vertical field coils (VF) - poloidal coils, which make helical lines around
CC symmetrical; also they are used for horizontal positioning;
4. Helical coils (HX) - two helical coils wrapped between themselves and
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around CC with the same period as TF, in this way, the plasma will have
more bean-like shape.
Additional to all of this coil systems, there are transformer coils (OH) for current production in plasma and radial coils (R) for vertical positioning, but
practically they just have control purpose. Fig 3.1 shows the coil distribution.
All coils are made from copper and have a water cooling system. Heating of
coils is one of the factors that limit the discharge length and discharge repetition frequency, which are around 0.25 seconds and 8 minutes, respectively. In
the TJ-II data-acquisition system, the plasma discharge starts approximately
around 1060 ms after the start of the shot. Different magnetic configurations
in TJ-II are noted as set of three numbers (for example, 100-44-64 is the standard one), and it represents how many hectoampers are going through CC,
HX and VF coils, respectively.
At TJ-II electron cyclotron resonance heating (ECRH) and neutral
beam injection (NBI) are routinely
used now for the heating plasma, also
electron Bernstein wave (EBW) is
still in developing phase. ECRH consists of two gyrotrons, each powered
by 300 kW, operating at 53.2 GHz,
second harmonic, X-mode polarization. One of the antennas is fixed and
the other one be can move, so it allows on- and off-axis heating. There
are also two NBIs, installed in co(NBI1) and counter-injection (NBI2)
configuration5 . Hydrogen beams are Figure 3.2: TJ-II sectors, top view.
injected into target plasmas already With basic experimental equipment:
created using one or both gyrotrons. NBI (red), ECRH (yellow), Thomson
There are experiments for EBW heat- scattering (blue), HIBP (green).
ing testing last couple of years [52].
This heating could provide electron heating during the NBI phase, because
ECRH is useless during this phase due to large ne , which leads to cut-off of
ECR wave. For its purposes, first harmonic, O-X-mode polarization has been
shown as the best choice [53]. Gas puffing is used for vessel fueling, but pellet
injection should be used from next campaign and it will shoot H-bullets, that
are cooled at 10 K [54].
Diagnostic at TJ-II are numerous and it is out of scope of this paper to
talk about all of them. Just to say that there are passive (e.g. magnetic, ECE,
spectroscopy, bolometry, Halpha, etc.) and active (HIBP, Langmuir probes,
reflectometry, interferometry, Thomson scattering, etc.) diagnostic techniques.
5

Co-injection means that particles are injected in direction of the magnetic field and
counter-injection is just opposite
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But it can be mentioned that the vessel be divided in four sectors (A,B,C,D)
and each sector is divided in eight segments (1-8), as it is shown on Fig. 3.2.

Chapter 4
Research Methods
In this chapter all methods used in the work will be explained, so that we can
just call them after in the presentation and discussion of results. Chapter is
organized in two parts - first one is describing technical end engineering part
of the project, while second one is focused on data analysis.

4.1

Experimental Setup

The description of He beam diagnostic will be given in this section. It is located
in sector C8 (φ = 355.3o , see Fig. 3.2). As already said, it is routinely used
for Te and ne profile measurements at the edge of the plasma with recording
simultaneously three He neutral lines - 667.2, 706.5 and 728.1 nm. The He
beam pulse shape is stored in the TJ-II database with the name ’HELIO HAZ’.
The detected line emission signals are stored with the names ’He xxx yy’,
where ’xxx’ is the wavelength in nm (667, 706, or 728), while ’yy’ is the position
(from 01 through 16) [48]. The additional detection line for He II line is stored
with the name ’ARRAY D5 yy’, where ’yy’ is same as above.

4.1.1

He Beam Source

A systematic characterization of the beam was performed and is reported by
Diez-Rojo et al. [16]. It consists of a compact fast-pulsed supersonic beam
source with a nozzle of 0.3 mm diameter and a parabolic profile skimmer with
a diameter of 0.5 mm. The nozzle-skimmer distance can be varied. For the
experiments in TJ-II a distance of 25 mm was chosen defining a divergence of
1.4o . The main beam velocity is 1300-1750 m/s and the velocity distribution
is defined by a speed ratio of 10-20, depending on the source pressure. Pulse
duration in the experiments has been 1-2 ms and He stagnation pressure was
in the range of 0.6-1.2 bar. The experimental setup is shown in Fig. 4.1. The
beam is launched from a top window of TJ-II being the nozzle at 90 cm from
the plasma edge. Beam diameter at the observation region is around 1.3 cm,
while the flux of He atoms (based on the measurements previously mentioned)
is estimated to be of the order of <1011 cm−3 .
25
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Gas is supplied to the valve through flexible tubing. The whole system
is mounted into a small vacuum chamber (V<5 l), and a thin walled bellow
is inserted for vacuum displacements [15]. An extra differentially pumped
chamber was inserted between the beam source and the plasma vessel for
precluding the injection of extra gas into the plasma vessel. For this purpose,
a 10 l chamber, provided with a 100 l/s turbomolecular pump was coupled to
the chamber where the beam is generated [17]. In the actual upgraded version
of the supersonic helium beam diagnostics, a repetition rate up to 200 Hz can
be achieved.

Figure 4.1: TJ-II He beam diagnostic.

4.1.2

Radial Detection

Radial setup is the one which is routinely used at TJ-II. Simultaneous detection
of the three He I lines used for reconstruction of the edge temperature and
density profiles (667.2, 706.5, and 728.1 nm) is made trough a set of 16-channel
photomultipliers arrays (Hamamatsu, model R5900U-20-L16) with interference
filters (FWHM = 1 nm). The wavelength response of the system was calibrated
using calibration light source (AVANTES-HL-2000-CAL). The complete He
emission profile is projected into the 16 channels of the array using a single
lens with vertical displacements in order to adjust the observation region to
the different TJ-II plasma configurations. The observation region includes the
whole beam width which is estimated as less than 15 mm from the laboratory
calibrations. A radial resolution of 4 mm is chosen with a suitable object/image
ratio. This corresponds to a residence time of approximately 3 µs of the He
atoms in the observation volume which, according to the CR model estimates,
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enables the full local equilibration of all the relevant excited levels for values
of ne greater than approximately 1x1012 cm−3 .
The individual response of the different channels and the effect of vignetting
in the extreme channels were calibrated in situ by using the TJ-II He glow discharge cleaning. The 48 output signals from the arrays, after passing through
a set of preamplifiers, are sampled and recorded with a PCI Extensions for
Instrumentation (PXI) acquisition system at a 10 kHz rate.

4.1.3

Toridal Detection

Toroidal setup was used primary during this project for reconstructing the
toroidal profile of neutral and singly ionized He at certain radial position. In
the ideal case there should be two simultaneous measurements of the both
lines He I (667.2 nm) and He II (468.5 nm). Due to lack of channels in TJ-II
data control, we were able to measure just one line per shot. This is one of the
problems, but stellarator plasma is more reproducible than tokamak’s one, so
it is possible to find similar shots. To be sure that shots are similar, one needs
to check Te and ne profiles from He beam diagnostic, heating and magnetic
configuration.
As for radial setup, detection is
also made through a set of 16-channel
photomultiplier arrays (Hamamatsu,
model R5900U-01-L16) with interference filter (FWHM = 1 nm). Lens
with vertical displacement is also
used here, but in order to measure
signals in different radial positions.
Toroidal resolution is around 65 mm,
and radial resolution is 4 mm. It determines residence time of He beam
atoms, which is almost the same as
radial one - 2.7 µs. Calibration, sampling and recording is done in the Figure 4.2: Positioning of the detectors for toroidal and poloidal measuresame manner as in radial.
The toroidal setup has the same ments.
toroidal position φ = 85.3o as radial setup. But on Fig. 4.1 we see that their
lines-of-sight are different. Even so, they still look as in same region of He
beam line, due to careful aligning with the alignment bar and laser.

4.1.4

Poloidal Detection

Poloidal setup was used in last weeks of this project for observation of the
poloidal movement of the He+ ions. As for toroidal case, it would also be
better here if simultaneous measuring would be available. Same channels and
same kind of photomultiplier set are used here as in toroidal setup. Calibration
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of channels is not done specially for this position, but knowing that same
channels are used as for toroidal detection, its factors are used. Lens doesn’t
have a system for fine vertical displacement as previous two setups. This is
the consequence of lack of experimental space. Complicated alignment process
with alignment bar and laser should be done for precise changing of radial
position.
It can be seen from Fig. 4.2 that the whole system is tilted in comparison
to ideal poloidal observation for approximately 45o , so calculation for poloidal
resolution and profile itself is more difficult. Radial resolution is around 5 mm.

4.2

Data Calculation

In this section, details on data analysis will be presented, starting with data
calibration, followed by beam detection in the signal; then the way how CR
model is used will be introduced, and finally calculation of ion temperature.

4.2.1

Data Calibration

The raw data usually needs to be calibrated and for our case there is quite
of things to think about. The above mentioned wavelength response of the
system, the response of individual channels and the vignetting effect of the
extreme channels are just some of the factors that are needed for proper calibration. The output of the photomultiplier is a few nA current, but TJ-II
data-acquisition system works with volts. So, the original signal from photomultiplier, measured with the oscilloscope, is converted in the preamplifier.
Some of these preamplifiers have positive and others negative polarization, so
polarization calibration factors should also be included. From the fact that we
are using same set of photomultipliers for both He I 667 nm and He II 468 nm
lines, there are two more factors for calibration. Different high voltage amplification is used on photomultiplier, as the consequence of a different background
signal for He neutrals and He+ ions (later one has significantly larger background signal). Second one is the difference in wavelength response in between
the lines, which has an amplification factor of approximately 3 times larger for
He+ ions then for He neutrals. All calibration values are given in Appendix A.

4.2.2

Beam Signal Detection

After proper calibration of the signal, one should detect the signal which comes
directly from the injected He. On the Fig. 4.3 typical usable signals of He neutral and He+ ion are presented for all possible positions with the beam source
signal. Important is to notice that peak, which comes from beam injected
He, starts approximately 0.6 ms after the beginning of beam being injected
(this is very important). Also, there is a tail of the same signal, which makes
measured signal longer in time than the beam signal. After subtraction of the
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Figure 4.3: Examples of measured signals (channels number 08 are He I and
number 07 are He II lines): helium beam pulse (black); radial 667, 706, 728 nm
(pink, orange and red); toroidal 468, 667 nm (blue and violet); poloidal 468,
667 nm (light green and dark blue); radial 468 nm (green).
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background signal, integration is done for each channel. This integration is
done in range of 1 ms (as that is the duration of our beam pulse), but starting
from 0.6 ms after the start of beam source. If noise or the signal is not typical,
but it comes from the beam, change of this starting point should be done.
All what we have now are just properly calibrated line intensities coming
from the injected He. They can be used for plasma rotation profiles, because
only what we care about for them is shape of He neutrals and He+ ions and
their mutual displacement.
Before we go further, it would be good to take a good look at Fig. 4.3.
Beside already mentioned signal lag of 0.6 ms, it would be good to notice factor
f in the legend of the figure. Its sign depends on polarization of preamplifier,
and its value is just how much the real signal is enlarged for better visualisation.
Keeping this in mind, we conclude that radial He beam profiles are easiest to
detect and poloidal signals are generally the smallest and the noisiest.

4.2.3

Particle Density

To change from line intensities to particle densities, the CR model should be
introduced. Line intensities are multiplied by photon emissivity coefficient
(PEC), taken from OPEN-ADAS database [55]1 . As line intensities are not
calibrated in the absolute way, absolute value of the line intensities doesn’t
have any significance. But their ratio is always the same, independently on the
calibration, so in continuation we will talk just about line intensity and particle
density ratios. PEC data depends on both plasma parameters calculated from
He beam diagnostics ne and Te , so to find proper number following steps are
done. First of all, program includes calculation of ne and Te profiles, from
which (depending on observation position) the proper value for ne is taken.
Then ratio of PEC for neutral and ion is taken and fitted as function of Te
following the power law (error is negligible in comparison to other errors).
Error from the Te is larger and that is the reason for taking tabulated ne
values, but Te dependence is fitted and then the proper value is taken. To
summarize, particle density ratio is calculated like:
IHe+ P ECHe+ (ne , Te )
nHe+
=
f
nHe0
IHe0 P ECHe0 (ne , Te )

(4.1)

where I stands for raw line intensity, f for calibration factors due to optical
end electronic reasons already explained in 4.2.1.
It would be good to remind the reader that in formula above, it is assumed
that two signals are taken simultaneously. But this is not a case in this report,
due to technical problems at the moment.
1

Values in range important for this project are given in Table B.1
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Ion Temperature

Before starting with interpretation of model, just to say that temperature units
are in eV and all the others are in CGS units.
We consider a zero-dimensional continuity equation for He+ ions:
∂nHe+
nHe+
= hσviHe→He+ ne nHe −
∂t
τHe+

(4.2)

where hσviHe→He+ is the ionization rate coefficient of He neutrals, nHe is He
neutral density and τHe+ is confinement time of He+ ions. Recombination of
He+ and He2+ ions is neglected, since this process in negligible on Te above
20 eV. Furthermore, we assume steady-state for Eqn. 4.2, which give us direct
calculation for τHe+ :
τHe+ ≈

nHe+
.
hσviHe→He+ ne nHe
1

(4.3)

In equation above, ne and nHe+ /nHe ratio are gained from the signals, as it is
explained previously, and hσviHe→He+ is taken from ADAS database [55]2 .
The total loss rate νHe+ of the He+ ions is just inverse of its confinement
time τHe+ . In project presented just two main components of this loss rate
are considered - thermalization νth and ionization νiz loss rates. The first one
comes from the tendency of the newly created He+ ions to thermalize with
a surrounding ions in plasma. Later, it is the consequence of not so low Te ,
so ionization of the He+ ions cannot be neglected. Typically, ionization rate
coefficient of He+ ions is approximately 5 to 10 times smaller than ionization
rate coefficient for He neutral. From all this just mentioned, thermalization
time for the He+ ions coming from the beam injected He can be calculated as:
τth =

1
=
νHe+ − νiz

1
.

nHe+
ne hσviHe→He+ / nHe − hσviHe+ →He2+

(4.4)

Data for hσviHe+ →He2+ are also taken from ADAS database [55]3 .
With knowledge of τth , one can calculate ion temperature from well known
thermal equilibration coefficient rate, which can be found in NRL Plasma
Formulary [56]. The main idea is reaching thermal equilibrium between two
components of plasma, named α and β, with different temperatures. In our
case plasma species will be marked as β and their temperature we want to
calculate as our final result. Created He+ ions will then be taken as α and
their temperature needs to reach the one of the plasma species with thermal
equilibration process:
dTα X
=
νth (Tβ − Tα ),
dt
β
2
3

Values in range important for this project are given in Table C.1
Values in range important for this project are given in Table C.2

(4.5)
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where
νth = 1.8 × 10−19

(mα mβ )1/2 Zα2 Zβ2 nβ λαβ
.
(mα Tβ + mβ Tα )3/2

(4.6)

In the equation above, mα and mβ are the masses of the species, Zα2 and Zβ2 are
particle charges, nβ is the density of β species and λαβ is, so called, Coulomb
logarithm. The calculation for the latter one can be found in ref [56]:
"

1/2 #
Zα Zβ (µα + µβ ) nα Zα2 nβ Zβ2
+
(4.7)
λαβ = 23 − ln
µα Tβ + µβ Tα
Tα
Tβ
where µα and µβ are relative molecular masses of the species.
To calculate plasma ion temperature Ti from the formulas above some
assumptions are needed. First, the initial temperature of the He+ ions Tα is
assumed to be negligible in comparison to Tβ ≡ Ti . Also the plasma ion density
is assumed to be the same as ne . The simplification for the Coulomb logarithm
n
λαβ is done assuming nTαα ≈ Tββ . Finally, as one can see from Eqn. 4.7, λαβ is
dependent of Tβ . And if we extract Tβ from Eqn. 4.6, it will depend on λαβ ,
so an iteration process is needed for more precise calculation:
!
i 2/3
h
3
1
Ti,j+1 = 3.5 × 10−8 ne τth (µi )1/2 23 − ln(25 ne ) + ln(2 Ti,j )
, (4.8)
2
2
where j is iteration coefficient for Ti calculation.
For better visualisation and interpretation of loss rates, Fig. 4.4 is presented.

Figure 4.4: All loss rates are calculated for ne =1013 cm−3 .

Chapter 5
Results and Discussion
Results, their brief observation and a preliminary discussion will be presented
in this Chapter. The different sets of data were obtained during a three month
long TJ-II campaign as parasitic measurements. Measurements were done for
all three possible orientations - toroidal, poloidal and radial. Following this,
the Chapter will be separated in four parts, one for each line of sight and the
final one for the presentation of preliminary ion temperature results.

5.1

Toroidal Measurements

Quality toroidal measurements were obtained during two different types of
experiments. This is the criterion how measurements will be sorted. From this
angle both, He neutral and He+ ion, profiles can be fitted as a parabola after
the integration. All profiles are normalized for better transparency, because
integrated signal from He+ ions is 2-5 times smaller than for He neutrals.

5.1.1

16th April

The main characteristic of those shots is the presence of stable H-plasma, done
in standard configuration 100-44-64 (ι = 1.65) and NBI1 heating starting from
1140 ms. Due to NBI, electron density increases significantly after 1160 ms.
Four different radial positions are measured ρ = 0.741, 0.812, 0.884 and 0.958.
A typical toroidal profile can be seen on the Fig. 5.1, where line intensities are
normalized to 1. In this figure, all He neutral signals are averaged because their
shape is independent of the position (as expected) and they are here just as a
reference source for He+ ions. Immediately we notice that all ions are shifted
in counter-direction, even so that NBI1 works in co-direction. Furthermore, as
we are approaching systematically to the edge, those shifts are larger.
Let’s concentrate on those shifts for a while. Fig. 5.2 shows how the profile
of the shift changes with time. This plot is made out of nine different shots.
Positive numbers represent co-direction and negative counter-direction. The
first pulse is usually just a background at rump-up, and this has both directions with linear dependence on ρ. With time, the profile has a more hollow
33
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Figure 5.1: Toroidal profiles at 1241 ms (NBI plasma).

shape and a minimum somewhere between ρ = [0.85, 0.90]. At the last three
pulses, where the plasma is in NBI phase, we can see that shift is completely
negative as seen on Fig. 5.1. The physical reason for this kind of behaviour
is still in consideration. It would be difficult to make it soon, because there
is no previously done measurements on toroidal rotation profiles in TJ-II for
comparison.

Figure 5.2: Time evolution of toroidal shift.

5.1 Toroidal Measurements

5.1.2
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Isotopic Effect

The main characteristics for those shots are fairly stable D-plasma, done in
configuration 101-42-64 (ι = 1.63) with only ECRH heating. The density is
relatively low along the whole shot, but it has a maximum value at the middle
of the shot, somewhere around 1170 ms. With combining two days of the same
experiments, five positions are observed ρ = 0.680, 0.713, 0.747, 0.821, 0.898.
The combining two days shouldn’t be a problem in principle if the experiments
are the same, but in the case of 0.713, the plasma is not purely made of D. It
was changed to H-plasma after two and half days of D-plasma, which means
that there was something like HD-plasma. But as we will see, we can combine
it with D-plasma.
An example of toroidal profiles for these experiments can be seen on Fig. 5.3.
In contrary previous experiments, where parabola is fitted for all 16 channels,
here it is done just for 11 on the right-hand side (RHS). This is done due

Figure 5.3: Toroidal profiles at 1141 ms.
to careful observation of He neutrals, where almost perfect parabola could be
seen on the RHS, and the 5 channels on the LHS data looked more like noise.
Note that this is not true for He+ ions, where signals do not have negligible
values. Even so, we assume that these peaks, which for sure come from injected
He, are not from He neutrals at the observed position, but proof of poloidal
rotation and convolution effects. Finally, we can see from Fig. 5.3 that, as in
previous experiments, here we also have some kind of shear-like behaviour in
the toroidal direction. In the deepest locations it is in co-direction and it is in
counter-direction as we approach more to the edge.
Again, time evolution of these shifts is plotted on Fig. 5.4. This plot is
made out of twelve different shots. What can be noticed here is that for the
whole duration of the shot, in average, plasma is behaving the same. There
are mostly co-direction shifts in deeper layers, and as we are going towards the
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Figure 5.4: Time evolution of toroidal shift.
edge of the plasma they are counter-oriented. All of this is in agreement with
the observations in the H-plasma from Section 5.1.1.

5.2

Poloidal Measurements

Due to larger noise from poloidal angle, it was much more difficult to obtain
readable data than for the toroidal ones. A comparison of the peaks can be
seen in the Fig. 4.3. Even so, quality poloidal measurements were obtained
for two different types of experiments, as for the toroidal one. Also this is
the criterion how measurements will be sorted. At this setup He neutral and
He+ ion profiles will be fitted as polynomial of 3rd and 4th order, respectively.
Notice that on some graphs, data is not normalized because integrated profiles
for He+ ions and He neutrals are similar. To remind the reader that poloidal
setup here means we are in between toroidal angle and perfect poloidal angle
(so all data presented should be more tilted).

5.2.1

L-H Transition

The main characteristics of those shots is realization of D-plasma, done in standard configuration 100-44-64 and NBI11 heating staring from 1110 ms. Due
to NBI, electron density increases significantly after 1125 ms. As mentioned
in 4.1.4, for this setup there are technical difficulties for changing the position,
so only one plasma volume is observed. This volume is located in between
ρ = [0.7, 0.8].
1

Experiments were obtained with both NBI1 and NBI2, but in shots used here NBI2
always had a break.

5.2 Poloidal Measurements

37

ECRH poloidal profile is shown on Fig. 5.5. Four different shots are presented here. Generally, two groups of profiles can be seen - one that has
clockwise2 rotation, and other one that is more broad along the whole line of
sight. NBI poloidal profile was extremely difficult to measure, due to enor-

Figure 5.5: Poloidal profiles for ECRH plasma between ρ = [0.7, 0.8] at
1107 ms.

Figure 5.6: Poloidal profiles for NBI1 plasma between ρ = [0.7, 0.8].
mous background made by both NBIs. But luckily, there were few shots when
NBI2 broke just before the third He beam pulse and all data shown on Fig. 5.6
come from this shots. Three different shots are presented here, while one for
2

Note that clockwise rotation in this graphs, actually means counter-clockwise from the
angle of magnetic field direction.
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two different pulses. As in ECRH, two groups of profiles can be seen - one
that has clockwise rotation, and other one that is more broad along the whole
line of sight. In difference from before, here data is normalized because He+
ions signal was one order of magnitude stronger.
Not any final conclusions were made at the moment for those measurements, because detailed comparison with the other diagnostics is necessary.

5.2.2

Blow-Off Technique and Impurity Injection

The main characteristics of those shots are D-plasma, which are done in two
configurations - 100-44-64 and 100-40-63 (ι = 1.609). Only ECRH heating
is used during those shots and density is fairly constant and relatively low
(between 0.3 and 0.5 1019 m−3 ). Impurity species injected were boron carbide,
tungsten and boron nitride, but they did not have impact on our measurements. The data was obtained from three different days, for two different
configurations and two different radial positions. So, this part will be split in
two by configurations.
Configuration 100-44-64
Location of the observation is the same as in the previous poloidal measurement. On Fig. 5.7 one characteristic plot for poloidal profiles is shown. Five
different shots are presented here. As noticed already above, two groups of profiles can be seen - one that has clockwise rotation, and other one that is more
broad along whole line of sight. Notice that here, profiles are not normalized.

Figure 5.7: Poloidal profiles between ρ = [0.7, 0.8] at 1148 ms.
The second radial location of the observation is closer to the edge and
most of its part is in between ρ = [0.8, 0.9]. On Fig. 5.8 plot for only He+ ion
poloidal profiles is shown, because there was no He neutral signal for the new
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position and this configuration. Eight different shots are presented here. In
difference from before, in the new position almost all profiles show a tendency
towards clockwise rotation.

Figure 5.8: Poloidal profiles between ρ = [0.8, 0.9] at 1098 ms.
Profiles from Fig. 5.7 and Fig. 5.8 are calculated in a way that line intensity
is comparable, and we can see that it is larger for more inner position. This is
completely expected, as confinement is better towards the core of plasma.
Configuration 100-40-63

Figure 5.9: Poloidal profiles between ρ = [0.8, 0.9] at 1123 ms.
In those measurements we are in the second location, closer to the edge.
Poloidal profiles for this case are shown on Fig. 5.9. Just two shots are pre-
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sented due to the lack of data. First of all, we can see how He neutral is moved
inwards of the vessel in comparison to Fig. 5.7, as expected. And in this case,
an interesting thing is that both profiles have couter-clockwise rotation.

5.3

Radial Measurements

During two weeks, He I line 728 nm in radial setup was changed for He II line
468 nm. Due to geometry, background here is the lowest and consequently
results are the best. But it couldn’t be used for this project regularly, because
routinely this line of sight is used to obtain ne and Te profiles. So here we
could show you numerous data, but it is pointless, as most of it looks alike
and their analysis is out of scope of this project. Only one day will be shown,
where we could obtain both - ne and Te profiles and He II signal. Both, He
neutral and He+ ion, profiles are fitted with 3rd polynomial curve.
Lithium and carbon limiter experiments were done during the analysis presented here. The main characteristics of the shots are D-plasma, the standard
configuration 100-44-64 and solely ECRH heating. Density was kept at the
same level, around 0.5 1019 m−3 . Typical radial profile is shown on Fig. 5.10,
where on the y-axis relative densities are shown. For now, here will be only
said that the reader should notice how He neutral profile is much strongly
attenuated than He+ ion’s one.

Figure 5.10: Radial profiles at 1141 ms.

5.4

Ion Temperature

In Section 4.2.4 it was explained how from simple knowledge of density ratio
between He+ ions and He neutral we can obtain the ion temperature Ti . Results from four different experiments will be shown, three of them are already
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mentioned above. The emphasis will be only on showing the results and explaining the calculation difficulties. So, this Section will also be separated by
types of experiments.
Theoretically, Ti could be calculated from any line of sight, if we could
properly estimate all loss rates and get pure thermal loss rate. But it is not
so easy, so here the first three parts are done from toroidal and the final one
is from radial measurements.

5.4.1

16th April

Details on those shots can be found in 5.1.1. During those experiments, passive Doppler spectroscopic technique [57] also measured Ti in ρ = 0.7413 . A
drawback of this possible cross-checking is that its setup covered radial setup
for ne and Te profiles and we need these profiles for Ti calculation. Due to this,
only last the 10 shots have ne and Te profiles, and with careful investigation it
is found that shot #33848 is the best for ne and Te calculation. To summarize,
not just two different shots are used for nHe+ /nHe0 ratio calculation, but there
was a need for introducing a third shot for obtaining ne and Te profiles.
The profile of the calculated Ti is shown on Fig. 5.11. Nine different shots
are used for plotting this figure. Good gradient is obvious, but values at ρ =
0.741 are around 10 eV and from passive Doppler spectroscopy for the same
position values from 50 to 80 eV are observed [58]. So, there is some effect
that is underestimating Ti values for our calculation and it will occur in all
succeeding measurements.

Figure 5.11: Ion temperature profiles at 1207 ms.
3

In the Chapter 1 is said that this technique can be used only for inner plasma measurements, so the most inner position measured with He beam diagnostics is taken. Even so,
relative error are large, but still they give satisfactory order of magnitude for Ti values.
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Isotope Effect

Details on those shots can be found in 5.1.2. Also, a comparison was available
here, but with a neutral particle analyzer (NPA) [59]. With this technique just
an approximate value of Ti at the edge can be estimated, but not the precise
position as for previous one.
Typical Ti profile from our measurements is presented on Fig. 5.12. Graph
is made out of two different days and thirteen different shots. Same tendency as
before is observed, gradient of Ti in proper direction, but with underestimation
of its absolute values. NPA measurements gave values around 40 eV [60].

Figure 5.12: Ion temperature profiles at 1207 ms.

5.4.3

L-H Transition

Those experiments are not the same as the one at 5.2.1, so their main characteristics are H-plasma, 100-35-61 configuration (ι = 1.54) and NBI heating
starting around 1110 ms. Due to this NBI heating, there is a large increase
in density around 1125 ms. On this day, only one position is worth mentioning ρ = 0.816. Typically values are from 5-10 eV, which is close to previous
estimations.

5.4.4

Li- and C-Limiters

Those experiments are already explained in 5.3. These kind of measurements
have nHe+ /nHe0 ratio from the same shot, but then ne and Te profiles should be
obtained from some other shot. These profiles are shown on Fig. 5.13, where
three different shots are used. Polynomial of the 3rd order is used for fitting
the data. The difference from the toroidal is that here the profile seems to be
rather flat instead of having strong gradient. But still there is underestimation
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of Ti values. Discrepancy between radial and toroidal measurements could be
a consequence of different convolution effects, due to different line of sights,
see Fig. 4.1. Other possibility would be that here we have ratios nHe+ /nHe0
from one shot, not a dozen of them, from plotting the Ti profile - so that error
is reduced.

Figure 5.13: Ion temperature profiles at 1207 ms.

44

5. Results and Discussion

Chapter 6
Conclusions and Future Work
Many data is presented in previous Chapter 5, but for their final physical
interpretation is still to early. Following this, this Chapter will give some
preliminary doubts, summarize drawbacks and difficulties during project and
finally possibilities for future work.
The main goal of the project was to achieve Ti profile at the edge of the
TJ-II plasma. The simple model of thermalization of He+ ions with the ion
species in plasma (usually H and D) is presented. The good thing is that the
expected gradient was found, but we encountered systematic underestimation
of Ti values for a factor of 5-10. This can be consequence of numerous things:
• Errors and unreliability of PEC coefficients for He+ coming from CR
model;
• Additional loss rates to be included in τth calculation
• Eqn. 4.6 has assumption of no relative drift between the ion species, so
maybe it should be included.
Toroidal measurements were done for testing the Ti calculation model.
They gave us the most interesting data on first sight, but unfortunately there
is no other technique to compare results with. What we could see is shearlike behaviour of the He+ ions. It even has a particular time evolution, which
depends on line integrated electron density hne ilin and radial position in the
plasma ρ.
Poloidal measurements were done for recording poloidal losses and deducing
some rule to be included in Ti calculation. But measurement itself was found to
be more difficult than expected, due to space for setup and the geometry of the
problem. Furthermore, some channels were covered by the TJ-II vessel. On the
other hand, some channels had too big background, so the signal to background
ratio was too low. The results for now show two groups of different behaviours:
→
−
counter-clockwise rotation looking from an angle of B or broadening on both
sides.
45

46

6. Conclusions and Future Work

Measurements of radial profiles was planned for final Ti calculation, so that
they can give us full profile between ρ = [0.7, 1.0]. From this line of sight, signals were definitely the best, but even this didn’t help us.
The idea for Ti profile measurement presented here seems to be too simple.
Further investigation on CR model for He II 468 nm line should be done, or at
least checking its reliability. There is a quite simple idea for this to be done
with He-plasma discharges, but unfortunately there was no He-plasma during
campaign when this project was made. There is always an open possibility for
choosing some other He II line for this measurements. Our calculations are
showing us that we have underestimated τth . So careful choice should be done
on adding some loss rates, e.g. poloidal losses, fast ion losses near the edge,
convolution effects, some drifts, etc. For introducing relative drift between
He+ ions and plasma ion species, whole new projects should be done.
It would be interesting to continue working on toroidal rotation profiles,
since they show interesting features. Poloidal rotation profiles should be more
carefully investigated, since they could be included in Ti calculation.
One important aspect to point out is concerning the types of experiments
where usable He II signals were obtained. Common to all of them is a stable
plasma, with a ι in the range 1.5 to 1.7 and preferably D as main plasma
species. In summary they are: L-H transition, isotope effect, impurity (B4 C,
NB, W) injection, limiter and blow-off technique experiments.

Appendix A
Calibration Factors
Table A.1 shows the calibration factors for individual response of channel and
vignetting effect for all four data sets. An important thing to point out is
that in the case, the measured signals of regular sets He xxx yy should be
multiplied with values from the table, and the signals from ARRAY D5 yy
should divided by them.
Channel No

He 667 yy

He 706 yy

He 728 yy

ARRAY D5 yy

01

+0.97222

-0.85496

-1.08470

-0.80635

02

+1.09380

-0.85496

-1.14290

-0.82256

03

+1.09380

-0.91803

-1.06670

-0.71714

04

+1.05000

-0.94915

-1.02240

-0.62278

05

+1.14130

-0.95727

-0.96677

-0.48545

06

+1.07140

-0.99115

-0.99071

-0.53300

07

+1.07140

-1.02750

-0.96677

-0.57599

08

+1.02940

-1.02750

-0.96677

-0.61428

09

-0.93750

-1.09800

-0.99379

-0.53598

10

-0.93750

-1.09800

-0.94675

-0.56097

11

-0.90517

-1.05660

-0.93567

-0.75914

12

-0.90517

-1.05660

-0.94675

-0.69124

13

-0.90517

-1.05660

-0.95808

-0.68074

14

-0.93750

-1.05660

-1.00950

-1.02070

15

-0.97222

-2.00000

-1.02240

-0.74440

16

-1.00960

-1.09800

-1.02560

-0.83110

Table A.1: Values for calibration factors coming from individual response and
vignetting effect of each channel. Sign corresponds to polarization factor.
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Amplification coming from the difference in high voltage V applied on the
photomultiplier is given by the next formula:
HV Amp = 108.5277×log10 V [V]−18.5909
where HV Amp stands for High Voltage Amplification.

Appendix B
Photon Emissivity Coefficients
ne [cm−3 ]Te [eV]

17.2

24.1

34.5

51.7

68.9

103.0

172.0

241.0

3×1010

3.7919

2.5042

1.8058

1.4180

1.2237

1.0253

0.8276

0.7323

11

3.8926

2.5751

1.8571

1.4656

1.2684

1.0563

0.8542

0.7549

3×1011

4.0000

2.6703

1.9520

1.5511

1.3451

1.1288

0.9244

0.8139

1×1012

3.9859

2.7404

2.0538

1.6808

1.4888

1.2840

1.0916

0.9649

3×1012

3.7677

2.6847

2.0923

1.7929

1.6390

1.4650

1.3098

1.2094

1×1013

3.3409

2.4538

2.0131

1.8131

1.7109

1.6275

1.5971

1.5220

3×1013

2.7902

2.1359

1.7963

1.6770

1.6392

1.6051

1.6958

1.6668

1×1014

2.2232

1.7116

1.4777

1.4100

1.3828

1.4089

1.6413

1.6474

14

1.5749

1.3622

1.1647

1.1064

1.2273

1.1357

1.1781

1.1838

1×10

3×10

Table B.1: Ratios between PEC for He neutral and He+ ion.
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Appendix C
Ionization Rate Coefficients
ne [cm−3 ]Te [eV]

17.2

25.9

43.1

60.3

86.2

129.0

172.0

259.0

10

2.9888

5.9824

11.1104

14.7290

18.5640

21.9486

23.8106

25.2672

1×1011

2.9986

5.9968

11.1180

14.8730

18.5850

21.9672

23.8602

25.2650

11

3.0158

6.0146

11.2320

14.8030

18.5920

21.9440

23.8355

25.3308

1×1012

3.0532

6.0750

11.2125

14.8800

18.6480

22.0800

23.8430

25.3725

12

3.1470

6.2021

11.4120

15.1420

18.7530

22.1200

23.9750

25.5000

1×1013

3.3360

6.4589

11.7160

15.3900

19.0500

22.5940

24.2870

25.7480

13

3.5644

6.7522

12.0536

15.8400

19.5960

22.9520

24.8830

26.2080

1×1014

3.7820

7.1649

12.6712

16.5480

20.3000

23.8050

25.6500

26.9310

14

4.0326

7.5705

13.2731

17.2720

21.1904

24.7266

26.7306

28.0524

3×10

3×10

3×10

3×10

3×10

Table C.1: Ionization rate coefficient of He neutral in 10−9 cm3 /s.

ne [cm−3 ]Te [eV]

17.2

24.1

34.5

51.7

68.9

103.0

172.0

241.0

3.84×1010

0.1059

0.2914

0.6411

1.2264

1.7116

2.4222

3.2235

3.5934

1.28×1011

0.1089

0.2977

0.6560

1.2406

1.7347

2.4511

3.2445

3.6146

3.84×1011

0.1125

0.3070

0.6646

1.2602

1.7598

2.4775

3.2448

3.6464

12

0.1179

0.3180

0.6881

1.2940

1.7890

2.5134

3.2968

3.6994

3.84×1012

0.1179

0.3180

0.6881

1.2940

1.7890

2.5134

3.2968

3.6994

13

0.1233

0.3308

0.7085

1.3273

1.8365

2.5648

3.3592

3.7275

3.84×1013

0.1323

0.3509

0.7409

1.3740

1.8954

2.6274

3.4374

3.8272

14

0.1622

0.4116

0.8456

1.5210

2.0630

2.8235

3.6343

4.0144

3.84×1014

0.1873

0.4587

0.9257

1.6368

2.2001

2.9838

3.7957

4.1758

1.28×10

1.28×10

1.28×10

Table C.2: Ionization rate coefficient of He+ ion in 10−9 cm3 /s.
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