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Abstract

The determination of the plasma confinement properties demand data as the elec-
tron temperature, the ionic and electron density profiles and the radiative emissivity
profiles. The focus of this thesis is the importance of radial profiles in spectroscopic
diagnostics applied to the EXTRAP-T2R reversed-field pinch.

EXTRAP-T2R is a resistive shell reversed-field pinch with a magnetic field shell
penetration time much longer than the relaxation cycle time scale. Significant impro-
vements in confinement properties derived by quantitative plasma spectroscopy in the
vacuum ultraviolet are observed compared to the previous device EXTRAP-T2. The
low level of magnetic turbulence and the good magnetic surfaces in the edge region
explain this observed improvement. A current profile control experiment reduces the
stochastic transport, which is connected to the dynamo, and improves the confinement
in EXTRAP-T2R even more.

A comparison of the electron temperature estimated by using a ratio of line inten-
sities from the same ionization stage of oxygen and the Thomson scattering system
shows that the difference is explained by the different spatial dependence of the excited
state populations and the corresponding emissivity of these spectral lines.

A collisional radiative model gives estimates for radial profiles of impurities which
are not measured in EXTRAP-T2R. The estimated profiles can in turn be used to
determine the radial profile of the effective ion charge, the emissivity and finally the
radiative power. As input, the model uses radial profiles.

Neutral hydrogen is predominantly present in the boundary region of the plasma.
Spectroscopic investigations in this area show very asymmetric spectral lines of hy-
drogen due to the movement of atoms. The velocity of the hydrogen atoms depends
on the type of plasma-wall interaction and their measurement helps to identify the
different interaction processes. The existence of hydrogen molecules in the edge com-
plicates the interpretation of the line shapes and on the determination of the particle
confinement time.
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Preface

My first introduction to fusion research, and plasma spectroscopy in particular, was
in 1997. As a student I attended a seminar given by Frans Meijer at the Department
of Physics at the ’Universiteit van Amsterdam (UvA)’. I cannot say that the seminar
changed my life completely but it surely made me fascinated by the subject. This
fascination to that end forced me to do research at the FOM Institute for Plasma
Physics ”Rijnhuizen” for my Master of Science examination.

One thing led to another and in the spring of 1999 I started as a PhD student
under supervision of Elisabeth Rachlew at the Department of Physics at the Royal
Institute of Technology. EXTRAP-T2 was shut down at that time and it would
take until September, 2000 for the resumed operation of the device under the name
EXTRAP-T2R. Finally, I was able to do experimental work again! It was also my
first introduction to the reversed-field pinch: a magnetic configuration which turned
out to be much more perplexing than a tokamak.

The enthusiasm and ’power’ of my colleagues surrounded me for a while before
it really struck me, took hold of me ... and finally inspired me. The analysis of the
EXTRAP-T2R data resulted in questions and puzzlement ... discussions and ideas
led to many more. Many times I fought against the darkness and sometimes the light
came ... I guess this is the essence of research and I want to thank Elisabeth Rachlew
for giving me the opportunity and all my colleagues for their helping hand in times of
darkness.

This thesis describes the experimental work of the last years on the reversed-
field pinch EXTRAP-T2R. In chapter 1 the reader will be introduced to thermonu-
clear fusion, the reversed-field pinch and plasma spectroscopy. Chapter 2 presents
the EXTRAP-T2R device and the quantitative data analysis using spectroscopy on
EXTRAP-T2R plasmas. The influence of radial distributions on the analysis of spec-
troscopy and relevant plasma parameters is illustrated in chapter 3, while the behavior
of hydrogen in fusion plasmas, and especially in the boundary, is referred to in chap-
ter 4. Chapter 5 summarizes some results of my work followed by concluding remarks
in chapter 6 with an outlook of the role of quantitative plasma spectroscopy on the
reversed-field pinch EXTRAP-T2R and fusion research in general.

Stockholm, October, 2003

Bob Gravestijn
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De weg om te slagen is: moed houden en geduld

en stevig doorwerken

– Vincent aan Theo van Gogh, 1886

Sometimes I freeze - until the light comes
Sometimes I fly - into the night

Sometimes I fight - against the darkness
Sometimes I’m wrong - sometimes I’m right

”Freeze” (part iv of ”fear”)
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Chapter 1

Introduction

1.1 Thermonuclear fusion

The understanding of physics has led scientists to realize that release of energy can be
obtained from certain nuclei. The heaviest elements, like uranium (U), release energy
when broken into smaller, radioactive atoms (nuclear fission). The lightest atoms, like
hydrogen (H) or its isotopes (deuterium (D) and tritium (T)), release energy when
they combine, or fuse, to form heavier elements, which are not radioactive. Both these
processes can be the solution for solving the growing global energy demand.

To obtain fusion of the light positively charged nuclei, the electrostatic repulsion
has to be overcome. This is achieved at very high temperatures, in the order of millions
of degrees, such as in the interior of the sun. At these high temperatures atoms are
partly or completely ionized and form a plasma. The least difficult fusion reaction is
between the hydrogen isotopes D and T:

2
1D + 3

1T → 4
2He (3.5 MeV) + 1

0n (14.1 MeV) (1.1)

For this fusion reaction a temperature of T = 108 K is needed, corresponding to an
energy E ≈ 10 keV (E = kT , where k is the Boltzmann constant and the conversion
factor is 1 eV = 11600 K). The thermal velocities of the nuclei are then high enough
to produce reaction 1.1 although the energy is not as high as the energy of maximum
cross-section of 100 keV. That fusion is obtained at T = 108 K is a result of the
thermal particles in the high energy tail of the Maxwellian distribution of the D and
T nuclei.

A solution to confine this high temperature, ionized gas is magnetic fusion. It is
based on the fact that charged ions and electrons gyrate around magnetic field lines
as a result of the Lorentz force. At present, magnetic fusion research is undertaken
in three different magnetic configurations: the tokamak [1], the stellarator [2] and the
reversed-field pinch [3, 4].

3



4 Chapter 1. Introduction

1.2 The tokamak versus the reversed-field pinch

The tokamak1 is the most studied and most advanced fusion machine to date and is
the most likely magnetic configuration to be converted into a reactor. In a tokamak,
the toroidal field is created by coils that surround the torus shaped vacuum vessel.
By using the plasma as the secondary coil of a transformer a toroidal plasma current
is induced, which itself induces a poloidal magnetic field. These two magnetic fields
combine to closed nested magnetic surfaces, which are being formed by helical field
lines and result in the confinement of the plasma.

A reversed-field pinch (RFP) is related to the tokamak. The main difference is
that in the RFP the poloidal magnetic field Bθ is of the same order as the toroidal
magnetic field Bφ rather than Bθ � Bφ as in a tokamak. A toroidal current induces
the poloidal magnetic field, while the toroidal magnetic field is by large produced by
the plasma itself through a relaxation process called the RFP dynamo. Taylor [5]
has shown that the magnetic configuration of the RFP plasma relaxes to a state,
the so-called Taylor state, in which magnetic field energy is minimized subject to the
constraint of conservation of magnetic helicity

K =

∫

A · BdV

where A is the vector potential related to the magnetic field B by B = ∇×A and V
is the plasma volume. Magnetic helicity is, alternatively put, the knottedness of the
poloidal and toroidal magnetic field.

The equilibrium magnetic field profiles of the RFP corresponding to this minimi-
zation are described by the condition:

∇× B = µB

where the normalized parallel current density µ is spatially constant (i.e. j · B/B2 =
constant). This means that the radial profile of the current density parallel to the
magnetic field should be flat, as shown in figure 1.1. However, the Taylor state is only
possible in an ideal plasma. In experiments, the temperature in the edge of the plasma
is lower than in or close to the core resulting in a higher resistivity in the edge which
leads to a peaking in the current density profile. This is inconsistent with a spatially
constant value of µ. Resistive diffusion leads finally to a further decay of the Taylor
state. The resulting current density gradient creates then a state with free energy
available for the growth of destabilizing resistive magnetohydrodynamic instabilities
and the appearance of fluctuations. These in turn redistribute the total magnetic
helicity and create a dynamo electric field which suppresses current in the core and
drives a current in the edge. This leads to a modification (a flattening) of the current
profile which drives the system back toward the Taylor state. When the resistive
diffusion re-appears, departure from the Taylor state will trigger the relaxation cycle
until the plasma reaches the near-minimum energy state through self-organization by
conserving the magnetic helicity.

1Tokamak is a acronym from the Russian ’toroidalnaya kamera i magnitnaya katushka’, meaning:
toroidal chamber and magnetic coils.
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Figure 1.1. The equilibrium magnetic field and current density profiles of the RFP
calculated with the polynomial function model (PFM) [8]. The current density j is the
sum of the current density parallel to the magnetic field j‖ and the current density
perpendicular to the magnetic field j⊥. Note the field reversal of the toroidal magnetic
field and, hence, the origin of the name of the RFP configuration. Furthermore, expe-
riments are only partially relaxed in that j‖ tends to be constant over the inner half of
the plasma, but then decreases to zero at the wall indicated by the vertical dashed line
at r = 0.183 m and gray area.

Experiments show that the RFP can achieve much higher values for the poloidal
beta (efficiency of confinement of plasma pressure by the poloidal magnetic field) than
those in tokamaks. The energy confinement time in RFP’s is unfortunately still much
lower than in tokamaks with the same plasma current. A disadvantage of the essential
dynamo is that it destroys magnetic surfaces in the plasma interior. The resulting
stochastic magnetic field structure (due to the growth and overlapping of magnetic
islands) is a strong source of particle and energy transport parallel to the magnetic
field lines and thereby diminishes the confinement properties [6, 7].
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1.3 Plasma spectroscopy

The main plasma parameters (like the density, the temperature, the plasma current)
are of key importance for the study of plasmas. Many of the macroscopic properties of
a plasma may be inferred from electrical measurements made externally to the plasma
boundary. Other macroscopic properties can be obtained by the use of plasma diag-
nostics. Predominantly, these diagnostics observe either radiation or neutral particles
which are spontaneously emitted by the plasma and, therefore, yield information on
plasma characteristics.

During a plasma discharge elements other than the filling gas (normally hydrogen)
can be released into the plasma: impurities. These impurities can have a negative
effect on plasma operation but they can also be used to obtain plasma parameters. The
most suitable diagnostic tool to measure the behavior of plasma atoms and impurity
ions is spectroscopy. In a fusion plasma the hydrogen is completely ionized apart
from a region close to the edge. Together with the partly ionized impurity ions, the
hydrogen atom can be collisionally excited to a higher energy level and subsequently
emit electromagnetic radiation by spontaneous emission to a lower energy level. The
wavelength associated herewith is characteristic for each specific transition due to the
fixed energy levels in atoms or ions according to quantum physics. An experimentally
obtained wavelength spectrum therefore only contains lines at specific wavelengths
and is a ”fingerprint” for a given atom or ion.

The measurement of a wavelength spectrum provides a tool to obtain information
about the species present in the plasma. The intensity of a spectral line with res-
pect to the wavelength furthermore provides information about the densities of the
different ions, their velocities, temperatures and the effect of electric and magnetic
fields on spectral line emission. Nevertheless, the spectroscopic analysis of the ob-
served radiation can be complicated by the spatial dependence of plasma properties
as the electron density and electron temperature. The importance of radial profiles
in spectroscopic diagnostics applied to the EXTRAP-T2R reversed-field pinch is the
focus of this thesis.



Chapter 2

EXTRAP-T2R

EXTRAP-T2R [9, paper I] started operation in 2000 as the rebuild of EXTRAP-T2
(and formerly OHTE) device which was a medium-sized RFP (R/a = 1.24 m/0.183 m
= 6.8) [10]. The vacuum vessel was made of stainless steel and the inside wall was
fully covered with graphite tiles. The pulse lengths were many times the magnetic
field shell penetration time: the time for the magnetic field to penetrate the shell.
However, the shell penetration time was such that phase-aligned, stationary magnetic
field perturbations, so-called wall-locked modes, appeared. At the position where the
modes were locked, the wall was locally heated and a strong influx of hydrogen and
impurities (mainly carbon from the graphite wall) were observed. This in turn resulted
in a degradation of confinement by the plasma performance; i.e. a higher loop voltage
(an increase of plasma resistance) and a drop of the central temperature. EXTRAP-T2
and other resistive shell experiments demonstrated that the shell penetration time was
too short compared to the time scale that characterizes the relaxation cycle dynamics.

In EXTRAP-T2R the shell penetration time of 6.3 ms is intermediate: this charac-
teristic time is much longer than the time scale characterizing the cyclical relaxation
dynamics but still sufficiently short so that the global radial equilibrium could be ef-
fectively controlled with externally applied vertical fields that penetrate the shell on
the shell time scale. What else did change during the rebuild? The graphite wall
is replaced by an all metal first wall with molybdenum limiters, the field errors are
reduced, and the replacement of the helical coil with a conventional solenoid-type coil
provides improved access for diagnostics to diagnose the plasma.

Did the changes and especially the change in the shell penetration time work?
The operation parameters of EXTRAP-T2R are similar to parameters in the best
performing conducting shell devices although the pulse lengths are sustained for up to
four shell times. However, it is still short enough to allow plasma positioning control
with applied vertical field. At present, EXTRAP-T2R operates with relatively low
plasma currents of up to 120 kA and toroidal loop voltage as low as 20 to 30 V. The
electron density is shot to shot reproducible, which was impossible on EXTRAP-T2
where the recycling at the graphite wall was difficult to control. Without gas puff,
the electron density decays throughout the discharge and drops below 0.5×1019 m−3.
Gas puffing helps to sustain the density constant in the range of 1 − 2 × 1019 m−3.
The electron temperatures are comparable with those in EXTRAP-T2: e.g. between
50 and 250 eV.

7



8 Chapter 2. EXTRAP-T2R

EXTRAP-T2 EXTRAP-T2R

Major radius R0 1.24 1.24 m
Minor radius a 0.183 0.183 m
Aspect ratio R/a 6.8 6.8
Plasma current Ip 70 − 250 60 − 120 kA
Loop voltage Vloop 70 − 160 20 − 30 V
Electron density ne 1 − 10 × 1019 0.5 − 1.5 × 1019 m−3

Electron temperature Te 50 − 250 100 − 250 eV
Ion temperature Ti 100 − 300 100 − 250 eV
Effective charge Zeff 1.5 − 6.0 1.5 − 3.0
Confinement time τE 20 − 60 50 − 250 µs
Poloidal beta βθ < 10 5 − 15 %
Pinch parameter Θ 1.6 − 2.1 1.6 − 1.9
Reversal parameter F −0.40−−0.20 −0.25 −−0.10
Discharge duration τpulse ≤ 16 ≤ 22 ms
Penetration time τs 1.5 6.3 ms

Table 2.1. Typical parameters of EXTRAP-T2 and EXTRAP-T2R.

2.1 Spectroscopy on EXTRAP-T2R

To investigate the properties of the EXTRAP-T2R plasma several spectroscopic diag-
nostics are available. A vacuum ultraviolet (VUV) spectrometer [11], at grazing inci-
dence in a radial view equipped with a fast detection system, measures the temporal
evolution of impurity spectral emission. The spectrometer is absolutely calibrated
using the branching ratio technique [12] and allows the deduction of the line averaged
electron temperature, impurity concentrations and the effective charge Zeff [13]. The
instrument covers a spectral range of 100 to 1100 Å using the 450 l/mm grating, al-
ternatively 155 to 1700 Å with the 290 l/mm grating. Ion temperature and rotation
velocity are measured with the 1 m Czerny-Turner spectrometer (grating 2400 l/mm)
equipped with an optical multichannel analyzer allowing 2 ms time-resolution. The
1.5 m Czerny-Turner spectrometer with the 1180 l/mm grating studies the Hα line
profile from EXTRAP-T2R. The detector system consists of an image intensifier opti-
cally coupled to a linear charge-coupled camera detector operating at a time resolution
of 0.4 ms. Identification of the impurities present in the (edge) plasma is done with the
0.5 m Ebert spectrometer (with the 1180 l/mm grating), while small monochromators
monitor the time evolution of line emission of selected spectral lines in the visible
range. Several photomultipliers with interference filters with a narrow bandwidth,
typically 10 Å, record Hα emission at different poloidal and toroidal positions around
the torus.
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2.2 Quantitative plasma spectroscopy at EXTRAP-T2R

The aim of quantitative plasma spectroscopy is to use spectral line emission from
the plasma to determine quantities like temperature and density. The intensity of a
spectral line depends on the population of an excited state n∗

I = n∗A (2.1)

where A is the radiative transition probability. Measurement of the line intensity for
a line in which A is known gives a rather direct tool to measure the excited state
population. However, the population of the excited state and its distribution strongly
depend on the electron temperature in the plasma. In EXTRAP-T2R, the main
impurity is oxygen (O) and its ionization states can be used as a rough indication
on the electron temperature, see figure 2.1. The temperature of the plasma is non-
uniform and leads to that different ionizations stages dominate in different parts of
the plasma. For example, O2+ tends to occur in the outer cooler part of the plasma.
In order to have estimates of the population of all the ionization stages of oxygen it
is important to know more about the individual ionization stage populations. The
density of the ground states of every ionization stage as well as the excited state
populations can be calculated with a model based on ionization and recombination:
the collisional-radiative model.

Figure 2.1. The fractional abundances of oxygen as a function of temperature as
calculated in coronal balance. Data are taken from [14].
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2.2.1 Ion densities and effective ion charge

The density of the ground state of an ionization stage z for oxygen, can be described
by an ionization balance:

dnz

dt
= nz+1neαz+1(Te, ne) − nzneαz(Te, ne) +

nz−1neSz−1(Te, ne) − nzneSz(Te, ne) +

σ −
nz

τp
(2.2)

where S(Te, ne) and α(Te, ne) are the ionization and recombination coefficients which
are function of the electron temperature Te and electron density ne. At steady-state,
e.g. dnz

dt = 0, the density of an ionization stage z is a balance between recombination
and ionization between the surrounding ionization stages z − 1 and z + 1. However,
two more terms are apparent in equation 2.2. The first is a source term, σ, which is
the influx of neutral particles as a result of the interaction between the plasma and the
surrounding wall. The second term is the loss of particles with a characteristic time,
the particle confinement time τp, as a result of transport and plasma-wall interaction.

The density of the excited state i, for a certain ionization stage z, is described by
an excitation balance:

dnz,i

dt
=

∑

j

nz,j(Aji + neqji(Te, ne)) −
∑

j

nz,i(Aij + neqij(Te, ne)) +

∑

k

nz+1,knHCz+1,ki(Te, ne) −
∑

k

nz,inHCz,ik(Te, ne) (2.3)

where Aij is the transition probability from state i to state j, qij(Te, ne) is the electron
collision coefficient, nH is the neutral hydrogen density and C(Te, ne) is the charge-
exchange coefficient. Furthermore, only charge-exchange with neutral hydrogen is
taken into account. At steady-state the densities of the excited states are a balance
between different excitation and de-excitation processes; absorption and emission of
radiation as well as collision processes. Normally, the ions are excited by collisions with
electrons and de-excited by emitting a photon. The decay time of an excited state is
usually much shorter than the collision time. As a result, the density of excited states
is low in comparison with that of the ground state and virtually all collisions involve
ions in the lowest energy state. The excitation balance takes the form,

dnz,i

dt
= nz,1neq1i(Te, ne) −

∑

j

nz,iAij = 0 (2.4)

which gives the solution

nz,i =
nz,1neq1i(Te, ne)

∑

j Aij
(2.5)

where nz,1 is the ground state density of an ion with a certain ionization stage z which
can be estimated by the ionization balance (equation 2.2). The intensity of a transition
(equation 2.1), between states i and j, induced by electron collision excitation can then
be given by

I = nz,1neqij(Te, ne)
Aij

∑

Aij
(2.6)
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In the VUV wavelength region the resonance lines of oxygen all the way to lithium-
like (O5+) are found in the spectra. These lithium-like ion densities are calculated from
line intensities using the excitation balance. However, at temperatures around 150 eV,
a large fraction of the emission from oxygen appears in the soft x-ray region. In this
wavelength region no direct measurements of these lines are available on EXTRAP-
T2R and another approach to calculate their densities is needed. The helium-like ion
density (nO6+) is calculated using the ionization balance,

dnO6+

dt
=

nO5+neSO5+→O6+

(1/τp) + neαO6+→O5+

(2.7)

where the helium-like ion is regarded as the final stage for oxygen in EXTRAP-T2R
plasmas.

The final step is to calculate the effective charge of the plasma Zeff , by summing
up the contributions from different ionization stages of oxygen,

Zeff =

n
∑

i=1

Z2
i ni

Zini
= 1 +

k
∑

i=1

niZi(Zi − 1)

ne
(2.8)

At EXTRAP-T2R, the impurity ion densities of ionization stages lower than lithium-
like and helium-like carbon and oxygen are neglected since they have a lower density
and have no or little effect on the final result of Zeff . The impurity ion densities up
to O5+ are present in a small region, i.e. the edge plasma, and are regarded to be
small. Moreover, their influence is negligible small since they contribute to Zeff with
a factor of Z(Z-1). One can discuss the neglect of heavier impurities like molybdenum
or other metals, but spectral lines of these ions have not been found in the recorded
spectra. The hydrogen-like densities of oxygen and the densities of fully stripped ions
are left out of the analysis due to the moderate temperatures present in EXTRAP-T2R
plasmas.

The ionization and recombination rate coefficients are a function of both electron
temperature Te and electron density ne. For the calculations of the helium-like ion
densities the line-averaged electron density ne, measured by interferometry1, as well
as the electron temperature Te are necessary.

2.2.2 The electron temperature

A technique for estimating the electron temperature inside a plasma is to use the
ratios of intensities of lines [15] from the same ionization stage of an impurity [16].
Taking the ratio cancels the direct dependence on the ground state density of oxygen
of a certain ionization stage and leaves a parameter that depends on the rates of
excitation, see equation 2.6. These rates depend on the electron temperature, while
they are weakly dependent on the electron density.

For this technique to work well one wants to use sufficiently strong and well isolated
spectral lines. In principle, a lot of spectral lines may be used, but the number that
fulfills the above mentioned conditions is limited. In typical EXTRAP-T2R plasmas,
the lithium-like oxygen, O5+, is one of the dominating ionization stages of oxygen (see
figure 2.2) and is present over most of the plasma radius. Comparison of figure 2.1 with
figure 2.2 shows that a finite particle confinement time τp (as included in figure 2.2)
strongly reduces the average ionization degree at a chosen temperature.

1The line-integrated electron density ne is measured with a CO2 interferometer. The interfero-
meter has four possible viewing chords which allows the reconstruction of the density profile [17].
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Figure 2.2. The fractional abundances of oxygen as a function of temperature calcu-
lated for an electron density ne of 1 × 1013 cm−13 and a particle confinement time τp

of 250 µs.

Figure 2.3. Grotrian diagram for all levels of O5+. Indicated are the 150.1 Å and
1032.0-1037.6 Å transitions which are used to obtain the electron temperature.
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The strongest lines in the spectrum of this ionization stage are usually the ones
which end in the ground state, the so-called resonance transitions. In this case, the
2s 2S-3p 2P0 and 2s 2S-2p 2P0 transitions at 150.1 Å and 1032.0-1037.6 Å, respectively,
are suitable. See figure 2.3.

Figure 2.4. The transition rates for the spectral emission at 150.1 Å and 1032.0-
1037.6 Å for two electron densities.

The 2s 2S-3p 2P0 transition at 150.1 Å has a pronounced dependence on the
electron temperature Te below 300 eV as shown in figure 2.4. The 2s 2S-2p 2P0

multiplet at 1032.0-1037.6 Å is on the other hand more or less independent on the
electron temperature and serves as a reference. Figure 2.5 on page 14 illustrates the
line ratio of the 150.1 Å to 1032.0-1037.6 Å transition which is a function of the electron
temperature. Hence, the ratio can be used to estimate the electron temperature in
the plasma.
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Figure 2.5. The line ratio of 150.1 Å to 1032.0-1037.6 Å as a function of the electron
temperature.



Chapter 3

The role of radial distributions

Gradients in the profiles, i.e. the radial distributions, of plasma density and tempera-
ture lead to transport of particles and energy. For example, keeping the heat towards
the center of a fusion plasma creates a gradient in the temperature. If this gradient
becomes too steep, the heat will move towards the cooler, outer edge. This process
of heat transport has long prevented the demonstration that fusion on the large scale
would make a capable energy source. The occurrence of gradients in the radial dis-
tributions can, however, also be beneficial. Very steep temperature gradients lead to
advanced confinement regimes. Examples are the H-mode [18] and internal transport
barriers [19] in tokamaks. Pulsed poloidal current drive (PPCD) [20, 21] in an RFP
leads to improvement in confinement accompanied by a steepening in the electron
temperature profile [22].

Plasmas show similarities to sandpiles with density and temperature gradients
corresponding to the steep sides of the sandpile [23, 24]. When sand grains are dropped
onto the pile, some of them will cause avalanches of sand to fall away from the pile.
The case is the same with plasmas. As heat begins to move outward, it too may
create avalanches. The sandpile provides thus an illustrative model for the studies of
gradients in advanced confinement regimes.

3.1 The electron temperature

The electron temperature Te in EXTRAP-T2R is measured by two different and inde-
pendent diagnostics. A single shot, single point Thomson scattering system [17, 25, 26]
measures the on-axis electron temperature Te(0) using a ruby laser. The laser beam is
shot horizontally (from the outboard) through the center of the plasma. The electrons
scatter this light in all directions. Due to the velocity distribution of the electrons this
light will be Doppler shifted. The light that is scattered perpendicular to the direction
of the laser path is collected with a fiber. The collected light is guided into a spectro-
meter which produces a spectral image of this scattered light. The Doppler shift of
the scattered light is then finally used to determine the temperature along the laser
beam. Values of the central electron temperature Te(0) can be measured from 10 eV
up to 500 eV with an expected average accuracy of 10-15%. The other estimation
of the electron temperature is the time-resolved line-averaged electron temperature
using the 150.1 Å to 1032.0-1037.6 Å line ratio of the VUV emission from O5+.

15
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In EXTRAP-T2R plasmas the different ionization stages of oxygen dominate in dif-
ferent parts of the plasma (see figure 3.1) where they distribute themselves as concen-
tric shells: the lowest ionization stage at the edge and the highest ionization stage is
reached in the center. The radial profile of the electron temperature, the transport
coefficients and the particle confinement times determine the thickness of these shells.
The effective volume from which the radiation, from for example O5+, is detected
is therefore normally much smaller than the total plasma volume along the line of
sight viewed by the VUV spectrometer. Without some kind of radial resolution of
the emission profile, for example by tomography, the estimations of the line-averaged
electron temperature or oxygen densities (by their electron temperature dependence)
are sensitive to the assumptions made.

Figure 3.1. The radial distributions of the different ionization stages of oxygen compu-
ted by an one-dimensional onion skin collisional-radiative (OSCR) model [27, paper V].
The vacuum vessel wall is indicated by the vertical dashed line at r = 0.183 m and gray
area.

Comparison of the electron temperature measured by the VUV spectrometer and
the Thomson scattering shows that the two diagnostics agree for some plasma scena-
rios, but disagree for others [28, paper II]. The estimation of the electron temperature
by the VUV seems to be asymptotic towards a value of 100 eV, as shown in figure 3.2.
One basic assumption in order to do quantitative spectroscopy on emitted light is
that every photon emitted along the line of sight in the direction of the observer, is
recorded and not absorbed by the plasma. The lines from the plasma are said to be
optically thin in such a case. However, the problem of re-absorption may arise under
certain plasma conditions. Under the normal operational conditions of EXTRAP-T2R
the emission lines from the plasma are optically thin [29] and, hence, do not explain
the discrepancy between the electron temperature measured by the VUV spectrometer
and the Thomson scattering. This could be an indication that O5+ is moving outwards
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to another radial position and reflects where O5+ is excited. Hence, the lack of infor-
mation on the position and thickness of the radiating shell limits the determination
of the central electron temperature Te(0) by using the ratio of line intensities.

Figure 3.2. The electron temperature estimated by the Thomson scattering system
(Te(0)) and the VUV spectrometer (Te(VUV)) for a collection of 31 discharges.

The intensities of the 150.1 Å and 1032.0-1037.6 Å spectral lines in O5+ depend
on the radial profiles of the ground state density nz,1 of O5+, the electron density ne

and the electron temperature Te,

I = nz,1neqij(Te, ne)
Aij

∑

Aij
(2.6)

The ratio of the intensities of these lines cancels the direct dependence on the ground
state density of O5+ and the electron density. The 150.1 Å to 1032.0-1037.6 Å ratio
only depends on the rate coefficients for electron impact excitation qij which predo-
minantly depends on the electron temperature (see figure 2.5). The different electron
temperature dependence of both transitions allows the determination of the (line-
averaged) electron temperature, but also affects the effective volume from which the
radiation originates.

When the electron temperature profile is flat, the emissivity profiles for the 150.1 Å
and 1032.0-1037.6 Å transitions extend over the same or similar plasma radius. The
line-averaged electron temperature, by using a ratio of line intensities, is then virtually
in agreement with the on-axis electron temperature Te(0). A more peaked electron
temperature profile with the same on-axis electron temperature Te(0) reduces the
region in the plasma where the electron energies are sufficient to excite the 150.1 Å
transition, which requires approximately 80 eV. However, the energy to excite the
1032.0-1037.6 Å multiplet is just about 12 eV. The line integrated intensity with a
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more peaked electron temperature profile will consequently show a stronger decrease
in the 150.1 Å spectral line than in the transition at 1032.0-1037.6 Å and, hence, a
lower intensity ratio. This in turn will be interpreted as a lower electron temperature
than the actual on-axis temperature. This is illustrated in figure 3.3.

At first, the lack of spatial information looks to be a disadvantage, but it can also
be used to provide important information. The difference in the line-averaged and
central electron temperatures measured by the VUV spectrometer and the Thomson
scattering, respectively, makes changes in the electron temperature profile transpa-
rent, even though the actual profile is not measured on EXTRAP-T2R. The model is
described in paper II. However, not only the intensity of a spectral line depends on
the spatial distribution of certain quantities as we will see in the following section.

3.2 Confinement properties

A quality parameter for a fusion plasma is the so-called beta-value, β, and measures
the efficiency of the magnetic field to confine a plasma of a certain pressure. This
dimensionless ratio between the plasma pressure p and the magnetic pressure B2/(2µ0)
characterizes any kind of magnetic confinement configuration and is limited by stability
conditions. The poloidal β is defined as

βθ =
〈p〉

B2
θ/(2µ0)

=
16π2

µ0I2

∫ a

0

r(neTe + niTi)dr (3.1)

and depends on the radial distributions of the densities and temperatures of the elec-
trons and ions, respectively. In many experiments the spatial information of ions, and
sometimes even of the electrons, is not present and certain assumptions have to be
made.

Another important aspect of the efficiency of the RFP configuration is given by the
power balance. For typical RFP experiments, the loop voltage derived from classical
resistivity is lower than the applied resistive loop voltage Vres. The origin of this
missing portion of the loop voltage, referred to as non-Spitzer or anomalous loop
voltage, has been unclear and there exist many explanations for this variation [30, 31].
Furthermore, a loop voltage Vk is required to sustain the RFP equilibrium. This
voltage is a function of the current density, magnetic field and, similar to the so-called
Spitzer loop voltage, classical or Spitzer resistivity ηS given by

ηS = 3.04 × 10−5 ln ΛZeff

γT
3/2
e

(3.2)

with γ a shape factor obtained from the plasma pressure and ln Λ is the so-called
Coulomb logarithm and has a value of approximately 15 for fusion relevant plasmas.

The Spitzer resistivity ηS has a radial dependence from the electron temperature Te

and Zeff . In (large) experiments, the electron temperature as a function of the radius
can be measured by multi-points Thomson scattering system. At EXTRAP-T2R,
a single shot, single point Thomson scattering system unfortunately only allows the
measurement of the on-axis electron temperature Te(0).

The profile of the average ion charge is difficult to measure in RFP’s and one
way to circumvent this problem is to sum up all the radial profiles of impurity ions
estimated from simulations (see figure 3.4) or transport calculations. The results from
transport calculations show that the spatial dependence of ηS is mainly dominated
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Figure 3.3. (Left) A flat electron temperature profile leads to similar emissivity profiles for the 150.1 Å and 1032.0-1037.6 Å transitions and the
line-averaged electron temperature Te(VUV) is then virtually in agreement with the on-axis electron temperature Te(0). (Right) A more peaked
electron temperature profile affects the spatial dependence of the excited state population and the corresponding emissivity. The line-integrated
electron temperature Te(VUV) will consequently be lower than the actual on-axis temperature Te(0).
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by the electron temperature profile and therefore an average, spatially uniform Zeff ,
based on the VUV data, can be used [32].

Figure 3.4. The simulated profile of the average ionic charge Zeff computed by the
one-dimensional onion skin collisional-radiative (OSCR) [27, paper V] code with 5% of
oxygen in the plasma.

3.3 Pulsed poloidal current drive

Recent RFP experiments show that major improvements in confinement are possible
in conditions with non standard operation which can be related to changes in magnetic
profiles. A current profile technique which is known as pulsed poloidal current drive
(PPCD) is an example of such non standard operation. The technique originated
and is improved on MST [20, 21, 33] and has been successfully applied in RFX [34],
TPE-RX [35] and EXTRAP-T2R [36, paper III].

How does PPCD work? Inducing a poloidal electric field, leads to an auxiliary
parallel current in the outer region of the plasma and flattens the radial profile of the
current density parallel to the magnetic field, see figure 3.5 on page 21. This brings
the plasma closer to the Taylor state and reduces the fluctuation-induced transport in
the RFP. In other words, with PPCD we affect the dynamo mechanism and reduce the
level of fluctuations. This in turn leads to a decrease in the magnetic stochasticity and
improves the formation of magnetic flux surfaces. During PPCD on EXTRAP-T2R
the plasma poloidal beta increases to 14%, and the energy confinement time doubles
to 380 µs [36, paper III].
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Figure 3.5. The parallel current density profile versus radius in the outer region with
and without the current profile technique which is known as pulsed poloidal current
drive (PPCD).
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Chapter 4

Hydrogen

In the boundary region of the plasma, the confinement of plasma particles and energy
by the magnetic field is degraded. This is due to localized processes which give rise to
enhanced losses of charged particles and energy. Losses of thermal energy occur when
the magnetic field lines intersect with the wall of the vessel and particle bombard-
ment on the wall releases impurity elements due to processes as physical and chemical
sputtering. When the pulse length of a plasma is normally many times the particle
confinement time τp

1, the hydrogen atoms (as well as impurity atoms and ions) re-
cycle several times on the plasma facing materials, such as the wall or limiter, during
a plasma discharge. Recycling includes de-absorption of absorbed hydrogen, reflection
processes and molecule release by recombination and thermalization. Consequently,
hydrogen is present as atoms or molecules near the edge and their density and velo-
city distributions influence the boundary plasma and, indirectly, the plasma and its
confinement properties as a whole.

4.1 Line shapes

The line shape of hydrogen emission originating in the plasma boundary is mainly
determined by the Doppler and the Zeeman (Pashen-Back) effect. The Doppler shift
∆λ of a spectral line emitted by a hydrogen atom moving with a velocity v in the
direction of the observer

∆λ = λ − λ0 =
v

c
λ0

leads to a Doppler broadened profile. Spectroscopic investigations often show very
asymmetric spectral lines of hydrogen around the unshifted position of the line λ0

due to the movement of atoms away from the limiter (or divertor) and the walls. The
velocity of these atoms depends on the type of plasma-wall interaction, which produces
the neutral atoms, and their measurement consequently helps to identify the different
interaction processes. The existence of hydrogen molecules in the edge may give rise
to atomic line radiation which complicates the interpretation of the line shapes.

Measurements of the Hα and Dα profiles tokamaks [37, 38, 39, paper VI] revealed
that at least three populations of hydrogen with different velocities determine the
overall line profile. To clarify the nature of the hydrogen release these experimental

1The time-scale on which particles are lost from the plasma.
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results are compared with code simulations as DEGAS [40] or EIRENE [41]. The
unshifted and most dominating emission originates from dissociative excitation, while
the emission from atoms produced by reflection and charge-exchange leads to broad
shifted components. The release mechanisms for hydrogen depend on the device due
to the local plasma conditions and require great effort to comprehend the physical
processes. But all the release mechanisms considered have one common property:
they produce hydrogen atoms with low energies, roughly below 1 eV. These low energy
atoms originate from dissociation of highly, vibrationally excited hydrogen molecules
which origin is probably at the surface and not in the plasma [42].

4.2 Particle confinement time

The particle confinement time τp may be estimated from the hydrogen influx, which
in turn is calculated from Hα measurements. The influx of the hydrogen atoms, ΓH ,
can be determined by using an 0-dimension model [43], which relies on line-average
data of the electron density and temperature. However, the balance between the
influx of neutral hydrogen and the ionization occurs at the edge of the plasma. To
take this into account, the influx of hydrogen can be obtained from a simple model
which is based on the radial profiles of temperature and density [32, 43, 44]. In this
model, the neutral hydrogen density as a function of the radius is modelled for unit
influx. This allows the calculation of the intensity of the Hα line at unit influx and
the comparison between the measured and calculated intensity determines the influx
of neutral hydrogen.

nH(r)

v0 = 107 cm s−1

ΓH = 1 cm−2 s−1

nH(r) = f (ne(r), Te(r), S(Te, ne))

IHα
=

∫ a
0 nH(r)ne(r)X(r)dr ↔ ΓH

ionization H

Figure 4.1. The neutral hydrogen density as a function of the radius is modelled for
unit influx, which allows the calculation of the intensity of the Hα line at unit influx.
The comparison between the measured and calculated intensity determines finally the
influx of neutral hydrogen

Having found the hydrogen influx, the confinement time in steady-state can be esti-
mated by

τp =
np

A
γV ΓH −

dnp

dt

(4.1)

where γ is a shape factor obtained from the electron density profile and the proton
density np is calculated from the electron and ion densities under the constraint of
quasi-neutrality; i.e. np = ne −

∑

i6=p niZi. The radial profile of the electron density
as well as the electron temperature in this model, are assumed to be of the form
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∼ (1 − (r/a)4). Furthermore, it is assumed that the density is varying on a timescale
comparable with τp.

A solid model to determine the particle confinement time is a must, but one has
to be critical about observations as well. Influxes of hydrogen can be very local and
therefore depends on the toroidal and/or poloidal position around the torus. The mea-
surement of Hα radiation is therefore more a local rather than a global measurement.
To solve this problem one has to have several lines of sight into the plasma to be able
to determine a global value for the particle confinement time.

At EXTRAP-T2, τp was calculated to be approximately 175 µs from a series
of discharges where there were no influx events and the electron density and Hα

emission were constant [13]. Similar measurements in EXTRAP-T2R estimate the
particle confinement time τp in the range of 200-400 µs and this result is confirmed
by probe measurements [45, 46]. Figure 4.2 shows the translation of the absolutely
calibrated intensity for Hα to particle flux using the line-averaged electron density
and temperature. The particle flux in turn leads to an estimation of the particle
confinement time τp.

The above described method for the measurement of the particle confinement time
relies on the influx of neutral hydrogen and hydrogen atoms. However, hydrogen atoms
can also find their origin in the dissociation of hydrogen molecules released from the
wall [47]. Therefore, corrections are required to estimate the hydrogen influx. Instead
of using the conversion factor from photons to atomic fluxes

(

S
X

)

H
an effective ( S

XB )
coefficient for atomic hydrogen should be used. This coefficient denotes the ratio
of collisional ionization S to electron impact excitation X rate coefficients, divided
by the branching ratio B. The commonly accepted value of about 15 for electron
temperatures between the wide range of 20 to 200 eV is only valid for atomic flux and
has to be corrected for the presence of molecules. If a molecular flux is present, the
effective

(

S
XB

)

eff
is given by

(

S

XB

)

eff

=
S

XB

(

1 +
2ηΓH2

ΓH + 2ΓH2

)

(4.2)

where S
XB = 15, as accepted in the 20-200 eV range, η describes the number of emitted

Hα photons per molecule, which depends on the type of dissociation process and ΓH2

is the calibrated molecular hydrogen flux. The latter can be obtained by summation
of all Fulcher-band photons of the Q-branch in the intense Fulcher transition (3p3Σu

→ 2s3Σg) in H2 molecules present in the visible range. However, the ratio of mole-
cules to atoms is difficult to determine due to the influence of factors such as surface
temperature of the vessel [42] and plasma density [38].
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Figure 4.2. The particle confinement time τp calculated by using the model based on
the measured absolute intensity of the Hα emission, the line-averaged electron density
ne and electron temperature Te and the derived hydrogen flux ΓH .



Chapter 5

Summary of papers

5.1 Paper I

Initial results from the rebuilt EXTRAP-T2R RFP device

Many thin shell experiments have not shown rotating modes, but instead wall-locked
modes. EXTRAP-T2 suffered from these wall-locked modes due to the resistive shell
which had a shell penetration time of 1.5 ms. This is comparable with the rise time
of the wall-locked modes. A possible key to successfully sustain discharges in a thin
shell RFP is to provide favorable conditions for tearing mode rotation to occur. It
is possible for this to happen when the shell time is long compared to the current
rise time and prevents the occurrence of wall locking during the RFP start-up phase.
The idea with the rebuild of the EXTRAP-T2 device was to extend the shell time
so the rotating modes would see the shell as a perfectly conducting wall. This makes
it possible for the RFP configuration to establish itself before the wall-locked modes
have time to grow strong.

The initial results of EXTRAP-T2R show that the goal of the rebuild has been
achieved. In this paper, the improved running conditions are described. Mode rota-
tion is observed and the toroidal loop voltage is reduced by a factor of two or three
compared to that in EXTRAP-T2.

Spectroscopic measurements in the VUV and visible wavelength region indicate
that oxygen is the main impurity in the device while carbon is only present in small
amounts. The time traces for these impurities are much more stable and reproducible
than previously observed in EXTRAP-T2. The line-averaged electron temperature is
in the range of Te = 100 − 200 eV and the effective ion charge is around Zeff = 2:
mainly due to the observed reduction of carbon impurity. Photo-multipliers equipped
with Hα interference filters show complete ionization of hydrogen after an intensive
signal in the beginning of the discharge. The intensity of the signal is higher at the
outboard than at the inboard side indicating that the plasma is lying a bit outwards
of its symmetry position. This is in agreement with magnetic measurements. The Hα

radiation at different toroidal locations indicate that the plasma wall interaction is
more toroidally symmetric in EXTRAP-T2R. Moreover, no transient influxes of gas
from the wall are observed, as before in connection with the locked mode.

Estimates of the classical Spitzer loop voltage, using the line-averaged electron
temperature, the effective ion charge and assuming a flat resistivity profile, gives re-
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sistive loop voltages of around Vres = 10−30 V. The reduction in loop voltage observed
in EXTRAP-T2R compared to EXTRAP-T2 may be explained by a reduction in the
classical resistivity due to a lower value for Zeff or a reduction of the non-axisymmetric
perturbation of the last closed flux surface (indicated by the improved uniformity of
the Hα emission).

Modifications afterwards

All discharges have been characterized by so-called pump-out, i.e. a continuous de-
crease of density. To overcome this problem gas puff valves utilizing the piezoelectric
effect are installed on three toroidal positions. This provides a symmetry as well
as a variable spatial dependence of gas feeding. Density control by gas feeding in
EXTRAP-T2R enables many studies as shown in references [17, 48].

The five turn primary coil has been reconfigured to a ten turn one which enables
long pulse operation, i.e. longer than previously with the five turn ohmic primary.
The long pulse operation asks in turn for an active radial equilibrium control. A
vertical field system provides this possibility. An active feedback system to stabilize
the resistive wall modes1 is recently installed and the first results are optimistic.

5.2 Paper II

A spectroscopic method to determine changes in the electron temperature pro-
file

The electron temperature Te on EXTRAP-T2R is measured by two different and inde-
pendent diagnostics. A single shot, single point Thomson scattering system measures
the on-axis electron temperature Te(0) from 10 up to 500 eV with an expected average
accuracy of 10-15%. The VUV spectrometer estimates time-resolved line-averaged
electron temperatures by using a ratio of line intensities from the same ionization
stage of oxygen, O5+, with an accuracy of circa 10%. This is one of the dominating
ionisation stages of oxygen and is present over most of the plasma radius. The 2s 2S-
3p 2P0 transition at 150.1 Å has a pronounced dependence on the electron temperature
Te below 300 eV. The 2s 2S-2p 2P0 transition at 1032.0-1037.6 Å on the other hand
is more or less independent on the electron temperature and serves as a reference.

Comparison of the electron temperature measured by the VUV spectrometer and
the Thomson scattering shows that the two diagnostics agree when the Te profile is
assumed to be flat, but disagrees with more peaked profiles. Although the electron
temperature profile is not actually measured, information about the changes in the
profile can be made transparent.

The electron temperature deduced from the line intensity ratio is spatially averaged
and depends on the radial profiles of the ion density ni of O5+, the electron density
ne and the electron temperature Te. A simple model that includes the radial profiles
as well as the estimated errors of the actual measurements of these parameters is
used to study these effects. The result is unambiguous, only the shape of the electron
temperature can fully explain the difference between the two measurements.

1Resistive wall mode are magnetohydrodynamic modes that are stable when the surrounding wall
is conductive, but are unstable when the wall is resistive.
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The sensitivity of the estimates of the changes in the electron temperature profile
depends on the measurement of the electron temperature by the VUV spectrometer
and the Thomson scattering system. Modelling shows that the shape of the electron
temperature profile changes due to the error in the measured electron temperatures
(figure 5.1), but it cannot explain the broad range of values of the only free parameter
of the modelled electron temperature profile: fitting parameter α. Modification of
the ion density profile dependence on the central electron temperature (figure 5.2
on page 30) leads to the same conclusion. The discrepancy between the electron
temperature measured by the VUV spectrometer and the Thomson scattering is caused
by the changes in the electron temperature profile and is the direct result of the spatial
dependence of the excited state populations and the corresponding emissivity of the
spectral lines.

Figure 5.1. The combined uncertainty of the electron temperature by the VUV spec-
trometer and Thomson scattering system is estimated to 15%. This error slightly adjusts
the electron temperature profile, but cannot explain the broad range of values of α.
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Figure 5.2. The ion density profile ni of O5+ is determined with transport calculations
for a central electron temperature Te(0) = 100 eV. Other values of Te(0) adjust ni(r)
but have no or little effect on the actual shape of Te(r).

5.3 Paper III

Current profile modification experiments in EXTRAP T2R

Pulsed poloidal current drive (PPCD) is a technique where a poloidal current is indu-
ced in the edge plasma to sustain the toroidal field reversal against resistive diffusion.
This current is otherwise produced by the plasma itself through the dynamo, which
requires magnetic fluctuations, leading to a stochastic magnetic field in the plasma.
By driving an auxiliary current less is required from the dynamo, and thus a lower
level of magnetic turbulence, leading to an improvement in the formation of magnetic
flux surfaces and to an increment in the energy confinement of up to 10 times. This
is accompanied with a peaking in the electron temperature profile during the PPCD
period.

This paper presents the first results of PPCD experiments in EXTRAP-T2R per-
formed at weak and strong reversal of the edge toroidal magnetic field2. The results
show that the PPCD technique improves the plasma confinement properties in a re-
sistive shell RFP. All the previous PPCD experiments were done in conductive shell
RFP’s.

During the current profile modification phase, the fluctuation level of the internally
resonant tearing m = 1 modes decreases, while an acceleration in their rotation is ob-
served. The m = 0 modes are not affected during PPCD, although termination occurs

2The plasma equilibrium in the weak reversal is characterized by a reversal parameter F =
Bφ(a)/〈Bφ〉 ≈ 0.15 and pinch parameter Θ = Bθ(a)/〈Bφ〉 ≈ 1.6. The strong reversal equilibrium is
characterized by F ≈ 0.65 and Θ ≈ 2.1.
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with a burst in the m = 0 amplitude. The PPCD phase is furthermore characterized
by an increase in the central electron temperature (up to 380 eV) and in the soft X-ray
signal. During PPCD, the plasma poloidal beta increases to 14%, and the estimated
energy confinement time doubles up to 380 µs. The reduction in the fluctuation le-
vel and the corresponding increase in the energy confinement time are qualitatively
consistent with the Rechester-Rosenbluth theory of a reduction of parallel transport
along stochastic magnetic field lines [6].

The characteristics of the (impurity) radiation in EXTRAP-T2R during PPCD
shows a number of features. It is found that the line intensities of different ionization
stages of oxygen and iron change due to the improvement of electron temperature
in the center of the plasma during the PPCD phase. In particular, spectral emission
from O5+ at 150.1 Å disappears almost completely while the 1032.0-1037.6 Å multiplet
decreases more moderately. This is consistent with an increase in the central electron
temperature and a more peaked radial profile. The radiative power of the emission
present in the spectrum between 100 and 1100 Å shows a decrease during PPCD
(figure 5.3), similar to observations in RFX. Hα emission at different toroidal positions,
decreases as well. The reduction in the Hα radiation indicates reduced plasma wall
interaction.

Figure 5.3. The radiated power between 100 and 1100 Å measured by the VUV
spectrometer for a strong reversal PPCD discharge. The vertical dashed line indicates
the start of the PPCD.



32 Chapter 5. Summary of papers

5.4 Paper IV

Comparison of confinement in resistive-shell reversed-fiel d pinch devices with
two different magnetic shell penetration times

The RFP is characterized by the conservation of magnetic helicity resulting in a dyna-
mic configuration. In order to sustain the RFP equilibrium a loop voltage is required.
The magnetic field shell penetration time τs has, furthermore, a critical role on the
stability and performance of the configuration. Plasma operation in EXTRAP-T2,
an RFP with a resistive shell on the dynamo cycle time scale, was characterized by
phase-locked internally-resonant tearing modes resulting in destroyed flux surfaces
and degraded confinement. Its rebuilt, EXTRAP-T2R has a τs much longer than
the relaxation cycle time scale, but still much shorter than the pulse length: i.e. the
machine is conductive on the dynamic time scale and resistive on the pulse duration
time. Its plasma parameters show significant improvements in confinement compared
to the previous device.

• The electron density in EXTRAP-T2 showed a large scatter due to the difficulty
to control the plasma-wall interaction and recycling, while the electron density in
EXTRAP-T2R is much more reproducible due to the possibility of gas injection.

• The loop voltage level in EXTRAP-T2R is comparable to the best performing
RFP experiments and is partly due to the lower Zeff than in the previous
device at comparable I/N . It is also expected to be lower with a conductive
shell compared to a resistive.

A quality parameter for a fusion plasma is the so-called beta-value, β, and mea-
sures the efficiency of the magnetic field to confine a plasma of a certain pressure. In
EXTRAP-T2, the electron poloidal beta βθ,e decreased strongly with I/N , or decrea-
sed collisionality, consistent with the picture of destroyed flux surfaces. Comparable
values, but with a slower degradation of βθ,e, are observed in EXTRAP-T2R, which
indicates partial restoration of flux surfaces.

The comparison between the resistive loop voltage Vres, the Spitzer loop voltage VS

and the loop voltage Vk required to sustain helicity, or the helicity loop voltage, in the
plasma volume shows that EXTRAP-T2 had a large loop voltage contribution due to
a large scrape-off layer volume as a consequence of the almost complete destruction of
flux surfaces by the wall-locked modes. EXTRAP-T2R has a loop voltage comparable
to an optimized conducting-shell RFP and suggests that the transport and loss at
the surface of helicity is not dominated by a transport parallel to the magnetic field
implying good magnetic surfaces in the edge region.

The main explanation for the observations on EXTRAP-T2R is that as long as the
dynamic time scale of the relaxation cycle is short compared to the magnetic field shell
penetration time and the tearing mode rotation is sufficiently fast so that the radial
perturbation is suppressed, the transport of helicity at the surface is not increased for
a resistive shell RFP.

An interesting feature is the effect the electron temperature profile on the Spitzer
resistivity ηS and, indirectly, on the Spitzer loop voltage VS and the helicity loop
voltage Vk. In EXTRAP-T2R, an electron temperature profile of the form ∼ (1 −
(r/a)4) results in a Spitzer loop voltage which is slightly below the applied voltage
and a helicity loop voltage that is more or less equal to the applied voltage. A more
steep profile would lead to an increment in both VS and Vk, where the latter would
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Figure 5.4. A comparison of the Spitzer loop voltage VS (•), the helicity loop voltage
Vk (◦) and the resistive loop voltage Vres in EXTRAP-T2R.

overcome the applied loop voltage Vres: a nonphysical observation. The choice for the
electron temperature profile seems therefore justified.

5.5 Paper V

Radiated power and impurity concentrations in the Extrap-T 2R RFP

For the understanding of the confinement properties of an RFP one has to measure
and identify all the contributions to the energy balance. The radiative power loss of
EXTRAP-T2R plasmas is measured by an 8-chord bolometric array based on a thin
gold film detector [49]. Apart from measuring the radiated power, it is also possible
to model the radiated power by using a collisional radiative model. These calculations
are done considering an onion skin model, i.e. assuming poloidal symmetry, at steady
state and includes charge exchange with neutral hydrogen. The model uses as input;
the radial profiles of the electron temperature, the electron density, neutral hydrogen
and the main impurities. The profiles for the total concentration of carbon and oxygen
are assumed to be flat and are 3% and 5% of the electron density3, respectively. The
model shows that the densities of C4+ and O6+ dominate in the center, but that the
radiation is expected to come from C3+ and especially O4+. From the estimated radial
profiles of these impurities the radiative power, the emissivity and finally the radial
profile of the effective ion charge, Zeff , can be determined.

3Values for the impurity concentrations, nO5+ ≈ 3 × 1011 cm−3 and nC3+ ≈ 1 × 1011 cm−3, are
estimated by the analysis of the VUV spectra.
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Comparison of the simulation with experiment shows a 30% lower simulated total
radiative power than the experimental value, but confirms the peaked radiation profile.
The lower magnitude of simulated radiation may be due to the neglect of bremsstrah-
lung, the impact of energetic neutrals onto the detector which do not follow the field
lines and the finite particle confinement time of particles, i.e. transport.

5.6 Paper VI

Toroidal rotation of hydrogen in the RTP tokamak

The Rijnhuizen Tokamak Project (RTP)4 [50] studied the transport properties of
the plasma under various conditions. The research was mainly concentrated on the
transport of energy and particles in the plasma. This was done by disturbing the
plasma by gas puffing, electron cyclotron heating and injection of solid hydrogen
pellets. The research at Rijnhuizen has resulted in the discovery of transport barriers
inside the tokamak plasma [51]. The energy confinement time is determined by layers
in the plasma with widely different transport coefficients. These layers seem to be
related to gradients in the plasma rotation [52].

At RTP two very high resolution spectrometers, one for the visible light (VIS) [53]
and a normal incidence spectrometer (NIS) [54] in the vacuum ultraviolet region were
used to study the emission spectra of ionized plasma particles. One of the goals of the
research with the two spectrometers was to study the effect of the plasma parameters
as current, density and the toroidal magnetic field on the plasma rotation. These
plasma parameters have all different effects on the toroidal plasma rotation.
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Figure 5.5. Schematic drawing of the setup of the visible light (VIS) spectrometer at RTP.

A session especially dedicated to the study of the behavior of neutral hydrogen
revealed an unexpected complicated Hα line profile while monitored in the toroidal
direction into the plasma by the VIS. The intriguing line shape can not be explained
by simple line broadening mechanisms like natural line broadening, pressure broa-
dening, Doppler broadening, Stark and Zeeman splitting or for high magnetic fields

4RTP ended operation in September 1999.
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the Paschen-Back effect. Calculations with the operational parameters of the RTP
tokamak show, however, that Doppler broadening must be the most dominant broa-
dening mechanism for hydrogen [55]. Only the Paschen-Back effect could, under the
observation conditions, give rise to a detectable broadening of the Hα line.

Fitting of the Hα line profile with Gaussians showed that at least three groups of
hydrogen atoms with different velocities must exist. These different groups of hydrogen
are due to different collisional processes of hydrogen which can contribute to the Hα

emission.

Figure 5.6. Line profile of the Hα line at t=150 ms for a typical RTP discharge.
Fitting with one Gaussian (left) is impossible while a fit with three Gaussians gives a
satisfying result.

Collisions of hydrogen ions with the wall results in the neutralization of hydrogen
ions and producing H2. These molecules detach from the wall and penetrate into the
plasma edge where they dissociate and get collisionally excited. This excited hydrogen
can consequently contribute to the observed Hα line emission.

By charge-exchange where the momentum of a hot bulk H+ ion is transferred to
an excited hydrogen atom it is possible to explain the group of hydrogen atoms which
move towards the spectrometer. The radiation of this group of hydrogen atoms can
therefore be the observed component with the positive velocity.

The third group of hydrogen atoms we ascribe to collisional processes with H+
2

molecules. By dissociative recombination or dissociative excitation an H+
2 molecule

can produce an excited neutral hydrogen atom that has the same toroidal velocity as
the H+

2 molecule. This component is the one observed with the negative velocity. This
negative velocity can be explained by the origin of the H+

2 ions. We assume the origin
of H+

2 ions is at the top of the limiter. In the local electric field close to the limiter
complex conditions can appear and even flow of H+

2 in the opposite direction of the
rotation of the bulk plasma is very well possible and, hence, the observed velocity is
negative.

Hydrogen studies on EXTRAP-T2R

The Hα emission on EXTRAP-T2R is studied with the 1.5 m Czerny-Turner spectro-
meter equipped with an 1180 l/mm grating. The line profile measured in the poloidal
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plane can usually be fitted with 3 Gaussians, while observations in the tangential
view show a wide splitting of the Hα line into many components. These represent
different groups of hydrogen, each with different temperatures and different velocities.
Density, plasma current and gas puff show a pronounced influence on the behavior of
hydrogen [48].



Chapter 6

Conclusions and outlook

This thesis focuses on the role of radial profiles in plasma spectroscopy and the diagno-
sis of EXTRAP-T2R plasmas in general. EXTRAP-T2R is a resistive shell reversed-
field pinch with a magnetic field shell penetration time much longer than the relaxation
cycle time scale, but still much shorter than the pulse length. Its operation is characte-
rized by global plasma parameters that are comparable to those expected for an opti-
mized conducting shell reversed-field pinch of the same size, although the pulse lengths
are longer than the shell time. The low level of magnetic turbulence and the good
magnetic surfaces in the edge region explain the observed significant improvements in
confinement in EXTRAP-T2R compared to the previous device EXTRAP-T2.

Studies on the determination of the central electron temperature by using the
ratio of line intensities show the limitations of this technique when the spectroscopic
measurements are made with only one line of sight. Without some kind of radial
resolution of the emission profile, for example by tomography, the estimation of the
line-averaged electron temperature or oxygen densities (by their electron temperature
dependence) are too sensitive to the assumptions made. Models may offer a helping
hand but to overcome this problem the measurement of the position and thickness of
the radiating shells by radially resolved spectroscopy is required. The (re)installment
of a five viewing-chord tomographic system to observe the O4+ or O5+ emission would
solve many problems. The observed radial profile of one of the ionization stages of
oxygen might serve as input in the one-dimensional onion skin collisional-radiative
model and improve the analysis of the radiative power loss of EXTRAP-T2R plasmas
as measured by the 8-chord bolometric array.

On the other hand, the use of only one line of sight can also be used to provide
important information. The difference in the line-averaged and central electron tem-
peratures makes changes in the electron temperature profile transparent, even though
the actual profile is not measured on EXTRAP-T2R. Using the electron density pro-
file, the ion density profile together with rate coefficients for collisional excitation
allows the calculation of the line intensity ratio. The electron temperature estimated
from the vacuum ultraviolet spectra and Thomson scattering, respectively, give then
a tool to determine the effect of the electron temperature profile on the spatial depen-
dence of the excited state populations and the corresponding emissivity of the involved
spectral lines. In this model the electron temperature profile is modelled according
to ∼ (1 − (r/a)α)4−α and thus with one free parameter: fitting parameter α. As a
result of this choice nonphysical profiles for the electron temperature are possible. A

37
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modification of the model to obtain reasonable profiles is a must to take fully advan-
tage of the provided information in the future. Nevertheless, a multi-point Thomson
scattering system with a single or double pulse should offer the best solution; it can
measure the electron temperature and density profiles and in theory even the current
profile (j-profile).

The replacement of the graphite wall (EXTRAP-T2) by an all metal first wall
with molybdenum limiters significantly reduced the amount of carbon in EXTRAP-
T2R plasmas and, consequently, oxygen is the dominating impurity. The absence
of wall-locked modes together with an all-metal wall explain therefore the relatively
low value of the average ion charge Zeff and a toroidal loop voltage comparable to
the best performing reversed-field pinch experiments. For spectroscopy, on the other
hand, these improvements are not so beneficial. The reduction in the amount of
impurities limits the emission from the plasma and in turn the diagnostic possibilities
of the plasma. Impurity seeding would enhance the radiation from the plasma and
substantially improve the quality of the spectroscopic analysis of the plasma. It will
also allow new studies. Impurity seeding enables to maintain or even improve the
energy confinement at much higher densities and in spite of the increase of radiative
power loss. This type of discharge regime in the presence of a radiating mantle is
called the radiated improved confinement mode and is obtained on many tokamaks.
It will be interesting to check if this enhanced confinement regime can also occur in a
reversed-field pinch.

The measurement of the particle confinement time depends on the influx of neutral
hydrogen and hydrogen atoms. Hydrogen molecules in the edge complicates the esti-
mation of the hydrogen influx. Hydrogen atoms can namely also find their origin in
the dissociation of hydrogen molecules so that the conversion factor from photons to
atomic fluxes has to be corrected for the presence of molecules. An estimation for the
molecular hydrogen flux is worthwhile trying by using the intense Fulcher transition
in H2 molecules. In addition, this measurement will clarify more about the nature of
the hydrogen release and will be fruitful for the analysis of the radiative power loss.



References

[1] Wesson J 1987 Tokamaks (Oxford: Clarendon Press)

[2] Wagner F 1995 Europhysics news 26 1

[3] Bodin H A B 1990 Nucl. Fusion 30 1717

[4] Prager S C 1992 Plasma Phys. Control. Fusion 34 1895

[5] Taylor J B 1974 Phys. Rev. Lett. 33 1139

[6] Rechester AB and Rosenbluth M N 1978 Phys. Rev. Letters 40 38

[7] Stoneking M R et al 1994 Phys. Rev. Lett. 73 549

[8] Sprott J C 1988 Phys. Fluids 31 2266

[9] Brunsell P R et al 2001 Plasma Phys. Control. Fusion 43 1457

[10] Drake J R et al 1996 Proc. of the 16th International conf. on fusion energy orga-
nized by the IAEA (Montreal, 1996) 2 193

[11] Fonck R J et al 1982 Appl. Optics 21 2115

[12] Klose J Z and Wiese W L 1989 J. Quant. Spectros. Radiat. Transfer 42 337

[13] Hedqvist A and Rachlew-Källne E 1998 Plasma Phys. Control. Fusion 40 1579

[14] Summers H P et al 2002 Plasma Phys. Control. Fusion 44 B323

[15] Griem H R 1964 Plasma Spectroscopy (McGraw-Hill, London)

[16] Kato Y et al 1993 Plasma Phys. Control. Fusion 35 1513

[17] Cecconello M et al 2002 Plasma Phys. Control. Fusion 44 1625

[18] Wagner F et al 1984 Phys. Rev. Lett. 53 1453

[19] Gormezano C 1999 Plasma Phys. Control. Fusion 41 B367

[20] Sarff J S et al 1994 Phys. Rev. Lett. 72 3670

[21] Sarff J S et al 1997 Phys. Rev. Lett. 78 62

[22] Carraro L et al 2002 Plasma Phys. Control. Fusion 44 2135

[23] Gruzinov I et al 2002 Phys. Rev. Lett. 89 255001

[24] Chapman S C et al 2003 Plasma Phys. Control. Fusion 45 301

[25] Hutchinson I H 2002 Principles of plasma diagnostics (Cambridge University
Press, Cambridge)

[26] Welander A 1999 Plasma Phys. Control. Fusion 41 117

[27] Corre Y et al 2003 Proc. 30th European Physical Society Conf. on Controlled
Fusion and Plasma Physics (St Petersburg, 2003) Europhysics Conf. Abstracts
27A P-3.221; also available on http://eps2003.ioffe.ru/PDFS/P3_221.PDF

39



40 References

[28] Gravestijn R M et al 2003 Proc. 30th European Physical Society Conf. on Control-
led Fusion and Plasma Physics (St Petersburg, 2003) Europhysics Conf. Abstracts
27A P-2.71; also available on http://eps2003.ioffe.ru/PDFS/P2_071.PDF

[29] Stancalie V and Rachlew E 2002 Physica Scripta 66 444

[30] Jarboe T R and Alper B 1987 Phys. Fluids 30 1177

[31] Alper B et al 1988 Plasma Phys. Control. Fusion 30 843

[32] Hedqvist A 1999 Quantitative plasma spectroscopy in a resistive shell reversed-
field pinch PhD thesis Royal Institute of Technology Stockholm

[33] Forest C B et al 2001 Proc. 18th Int. Conf. on Fusion Energy (Sorrento, 2000)
IAEA-CN-’77 EX1/1

[34] Bartiromo R et al 1999 Phys. Rev. Lett. 82 1462

[35] Yagi Y et al 2002 Plasma Phys. Control. Fusion 44 335

[36] Cecconello M et al 2003 in press Plasma Phys. Control. Fusion

[37] Kubo H et al 1998 Plasma Phys. Control. Fusion 40 1115-1126

[38] Mertens Ph et al 2001 Plasma Phys. Control. Fusion 43 A349

[39] Gravestijn R M et al 2002 Plasma Phys. Control. Fusion 44 1753

[40] Heifetz D B 1986 Physics of Plasma-Wall Interactions in Controlled Fusion ed D
E Post and R Behrish (New York: Plenum) p 695

[41] Reiter D 1992 Berichte der KFA Jülich 1947 (1984) 2599

[42] Pospieszczyk A et al 1999 J. Nucl Mater. 266-269 138

[43] Zastrow K-D 1993 Quantitative Plasma Spectroscopy at JET and Extrap-T1 PhD
thesis Royal Institute of Technology Stockholm

[44] Zastrow K-D et al 1993 Plasma Phys. Control. Fusion 35 1553

[45] Bergs̊aker H et al 2001 Proc. 28th European Physical So-
ciety Conf. on Controlled Fusion and Plasma Physics (Madeira,
2001) Europhysics Conf. Abstracts 25A 1685; also available on
http://epsppd.epfl.ch/Madeira/html/pdf/p4.098.pdf

[46] Vianello N et al 2002 Plasma Phys. Control. Fusion 44 2513

[47] Pospieszczyk A et al 1997 Proc. 24th European Physical Society Conf. on Control-
led Fusion and Plasma Physics (Berchtesgaden, 1997) Europhysics Conf. Abs-
tracts 21A 1733

[48] Meijer F G et al 2002 Proc. 29th European Physical Society Conf. on Controlled
Fusion and Plasma Physics (Montreaux, 2002) Europhysics Conf. Abstracts 26B

p-5.073; also available on http://elise.epfl.ch/pdf/P5_073.pdf

[49] Mast K F et al 1991 Rev. Sci. Inst. 62 744

[50] Da Cruz D F et al 1993 Plasma Phys. Control. Fusion 35 693

[51] De Baar M R et al 1997 Phys. Rev. Lett. 78 4573

[52] Meijer F G et al 2000 Proc. 27th European Physical Society Conf. on Controlled
Fusion and Plasma Physics (Budapest, 2000) Europhysics Conf. Abstracts 24B

1461; also available on http://epsppd.epfl.ch/Buda/pdf/p4_052.pdf

[53] Box F M A et al 1997 Fusion Engineering and Design 34-35 231

[54] Meijer F G 1999 Meas. Sci. Technol. 10 367



References 41

[55] Gravestijn R M 1998 Spectroscopy on Hydrogen Plasmas Eigen Werk III &
IV Universiteit van Amsterdam Rijnhuizen I.R. 98/004; also available on
http:/www.atom.kth.se/~bobg/pdf/masterthesis.pdf



42



Thank you!

EXTRAP-T2R is a fusion experiment which is only possible due to the hard work of
a small number of people. It is these people who create the wonderful atmosphere
in the experimental hall, the control room, ... These people I want to thank for
their contribution to my work. Without the professors, physicists, graduate students,
technical personal and the administrators of the Alfvénlaboratory I would not have
come so far. Thank you all for the great time! Special thanks to Jim, Per, Jerzy,
Jenny-Ann, Marco and Dmitriy.

I want to thank Elisabeth Rachlew for the opportunity and for the patience she
has with me. Thanks to my colleagues and friends in the spectroscopy group; Frans,
Yann, Matias and our guest Vı́orica.

However, one man is not an island! I have to admit I benefit a lot from the
work done by the previous PhD students. A salute to you all. Anders I want to
thank in particular. Not only have you introduced me to the world of spectroscopy at
EXTRAP-T2R, you also helped me to feel at home here in Stockholm. Tack s̊a jävla
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